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Abstract A review of the geologic history of the Himalayan-Tibetan orogen
suggests that at least 1400 km of north-south shortening has been absorbed by the
orogen since the onset of the Indo-Asian collision at about 70 Ma. Significant crustal
shortening, which leads to eventual construction of the Cenozoic Tibetan plateau,
began more or less synchronously in the Eocene (50–40 Ma) in the Tethyan Himalaya
in the south, and in the Kunlun Shan and the Qilian Shan some 1000–1400 km in the
north. The Paleozoic and Mesozoic tectonic histories in the Himalayan-Tibetan orogen
exerted a strong control over the Cenozoic strain history and strain distribution. The
presence of widespread Triassic flysch complex in the Songpan-Ganzi-Hoh Xil and
the Qiangtang terranes can be spatially correlated with Cenozoic volcanism and thrust-
ing in central Tibet. The marked difference in seismic properties of the crust and the
upper mantle between southern and central Tibet is a manifestation of both Mesozoic
and Cenozoic tectonics. The former, however, has played a decisive role in localizing
Tertiary contractional deformation, which in turn leads to the release of free water
into the upper mantle and the lower crust of central Tibet, causing partial melting in
the mantle lithosphere and the crust.

INTRODUCTION

Mountain belts created by continent-continent collision are perhaps the most dom-
inant geologic features of the surface of the Earth (Dewey & Burke 1973). The
Appalachian belt in North America, the Ural mountains in central Eurasia, and
the Qinling-Dabie-Shandong belt in east-central Asia are some of the best exam-
ples, each extending for thousands of kilometers along strike. A great deal of
attention has been paid to the genesis of these orogenic systems since the devel-
opment of plate tectonics some 35 years ago, largely owing to the fact that con-
tinent-continent collision is the dominant and most efficient process in forming
the supercontinents, which profoundly affect the geologic and biologic evolution
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of the Earth. The youngest and arguably most spectacular of all the continent-
continent collisional belts on Earth is the Himalayan-Tibetan orogen, occupying
the east-west trending, high-altitude Himalaya and Karakorum ranges in the south
and the vast Tibetan plateau to the north (Figure 1; Figure 2, color insert). This
orogenic system was largely created by the Indo-Asian collision over the past
70–50 Ma, and is part of the greater Himalayan-Alpine system that extends from
the Mediterranean Sea in the west to the Sumatra arc of Indonesia in the east
over a distance of more than 7000 km. This extraordinarily long and complexly
amalgamated belt was developed by the closure of the Tethys oceans between
two great land masses since the Paleozoic: Laurasia in the north and Gondwana
in the south (Hsu et al 1995, Sengor & Natal’in 1996).

The Himalayan-Tibetan orogen and its neighboring regions in east Asia are
ideal places for the study of continent-continent collision for several reasons.
First, the orogen is active so that many geologic relationships can be demonstrated
directly using the methods of neotectonic studies (Armijo et al 1989, Holt et al
1995, Lacassin et al 1998, Van der Woerd et al 1998, Bilham et al 1997, Larson
et al 1999, Shen et al 1999). Second, the plate-boundary history is well known,
so the cause of intracontinental deformation can be quantitatively defined as a
time-dependent, boundary-value problem (Peltzer & Tapponnier 1988, Houseman
& England 1996, Royden 1996, Royden et al 1997, Kong & Bird 1996, Peltzer
& Saucier 1996, Kong et al 1997). Third, collision processes have produced a
variety of geologic features such as large-scale thrust, strike-slip and normal fault
systems (Tapponnier et al 1986, Burg & Chen 1984, Burchfiel et al 1992, Yin et
al 1994), leucogranite magmatism (Harrison et al 1998b), widespread volcanism
(Deng 1989, Arnaud et al 1992, Turner et al 1993, Chung et al 1998, Deng 1998),
regional metamorphism (Le Fort 1996, Searle 1996), and formation of intracon-
tinental and continental-margin oceanic basins (Song & Wang 1993, Brias et al
1993, Li et al 1996). All of the preceding geologic features and processes may
be useful as proxy indicators in establishing the deep earth conditions involved
in the dynamics of continent-continent collision.

Because of its immense size and high elevation, the geologic evolution of the
Himalayan-Tibetan orogen is also thought to have played a critical role in con-
trolling global climate change (Ruddiman & Kutzbach 1989, Molnar et al 1993,
Quade et al 1995, Harrison et al 1998a, cf. Ramstein et al 1997). The climate
change, in turn, may have affected erosion rate, and thus altered the dynamics of
the Himalayan-Tibetan orogenic system (Beaumont et al 1992) and its growth
pattern (Avouac & Burov 1996). It is this large-scale interaction between litho-
spheric deformation and atmospheric circulation that potentially makes studies of
the Himalayan-Tibetan orogen of greater significance than simply matters of intra-
continental deformation induced by continental collision.

In the last three decades, many geologic and geophysical investigations have
been conducted in the Himalayan-Tibetan orogen, and have resulted in numerous
syntheses dealing with both active tectonics and the overall geologic evolution
of the system (Chang & Zheng 1973; Dewey & Burke 1973; Allègre et al 1984;
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Figure 1 Cenozoic tectonic map of the Indo-Asian collision zone and major active fault systems in Asia.213
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214 YIN n HARRISON

Molnar 1984; Tapponnier et al 1986; Dewey et al 1988, 1989; Burchfiel & Royden
1991; Harrison et al 1992, 1998a; Molnar et al 1993; Zhao et al 1993; Avouac &
Tapponnier 1993; Hsu et al 1995; Nelson et al 1996; Owens & Zandt 1997;
England & Molnar 1998; Larson et al 1999; Xu et al 1998). The goal of this
article is to provide a coherent picture of how the Cenozoic Himalayan-Tibetan
orogen has evolved. To achieve this, we must have a general understanding of
the configuration of the amalgamated Eurasian continent immediately prior to the
Indo-Asian collision; this information can be used as both a strain marker and an
initial condition to determine where, when, and how the intracontinental defor-
mation proceeded in Asia during the Cenozoic. Therefore, this review focuses
first on the pre-Cenozoic geologic framework of the Himalayan-Tibetan orogen,
and then provides a systematic synthesis of the history of major Cenozoic struc-
tures and the occurrence of associated metamorphic, igneous, and sedimentary
rock units. The latter forms the observational basis for the interpreted spatial and
temporal evolution of the orogen.

PALEOZOIC AND MESOZOIC TECTONICS

The Himalayan-Tibetan orogen was built upon a complex tectonic collage that
was created by sequential accretion, from north to south, of several microconti-
nents, flysch complexes, and island arcs onto the southern margin of Eurasia since
the early Paleozoic (Chang & Zheng 1973, Allègre et al 1984, Sengor & Natal’in
1996, Yin & Nie 1996). Because of this complex early history, it is effectively
impossible to decipher the Cenozoic tectonic history of the Himalayan-Tibetan
orogen without first knowing the crustal composition, pre-Cenozoic structural
configuration, and sequence of geologic events associated with the formation of
each of these individual tectonic units. In the following section, we comment
briefly on the pre-Cenozoic geology of major terranes in the orogen (Figures 2
and 3, color insert) and summarize the overall tectonic evolution of the
Himalayan-Tibetan region prior to the Indo-Asian collision (Figure 4).

Himalaya

The Himalaya lie between the Indian shield to the south and the Indus-Yalu suture
to the north (Figure 2). They consist of three tectonic slices bounded by three
north-dipping Late Cenozoic fault systems: the Main Boundary Thrust, the Main
Central Thrust, and the South Tibetan Detachment System (Figures 2 and 3).

The Lesser Himalaya is structurally the lowest slice. It is bounded at the base
by the Main Boundary Thrust and at the top by the Main Central Thrust, and
consists mainly of Precambrian clastic sediments and metasedimentary rocks
(Brookfield 1993). The Greater (or High) Himalaya is bounded by the Main
Central Thrust below and the South Tibetan Detachment fault above (Burg &
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Chen 1984, Burchfiel et al 1992, Le Fort 1996) and comprises late Proterozoic
to early Cambrian metasedimentary rocks (Parrish & Hodges 1996). The North
Himalaya lies between the South Tibetan Detachment fault (Burchfiel et al 1992)
and the Great Counter Thrust (Yin et al 1999a). It consists of late Precambrian
to early Paleozoic sedimentary and metasedimentary rocks (Yin et al 1988, Burch-
fiel et al 1992) and thick Permian to Cretaceous continental margin sequences
(Brookfield 1993). All three tectonic slices are considered to be parts of the north-
facing Himalayan passive continental margin, commonly known as the Tethyan
Himalaya, which developed from middle Proterozoic to Cretaceous times
(Colchen et al 1982, Brookfield 1993). It appears that Late Cenozoic thrusting in
the Himalaya did not involve the Archean/Early Proterozoic gneissic basement
that is equivalent to the Indian Shield (Parrish & Hodges 1996).

The Himalayan passive continental margin was intruded by Cambrian to early
Ordovician granites (Le Fort et al 1983), which may have been associated with
either supercontinent breakup (Murphy & Nance 1991, Hughes & Jell 1999) or
final assemblage of Gondwana (Gaetani & Garzanti 1991, Meert & Van der Voo
1997). Between the Ordovician and Permian, all three tectonic slices in the Him-
alaya formed part of a stable continental platform (Brookfield 1993). In the Per-
mian, rifting accompanied by the eruption of Panjal basalts began to develop in
the northern Himalaya. This phase lasted until the end of the Jurassic and was
associated with separation of a microcontinent from the northern margin of India
(Gaetani & Garzanti 1991). This rifted block has been interpreted as the future
Lhasa terrane of southern Tibet (Dewey et al 1988, Le Fort 1996), an inference
consistent with widespread occurrence of Gondwanan fauna in the Carboniferous
and Permian strata of the Lhasa terrane (Yu & Zheng 1979, Yin 1997). The
Mesozoic passive continental margin sequence of the Himalaya was developed
continuously until the latest Cretaceous when the collision between India and
Asia began affecting its sedimentary facies patterns and its rate of subsidence
(Shi et al 1996, Willems et al 1996).

Lhasa Terrane

The Lhasa terrane is bounded by the Indus-Yalu and the Bangong-Nujiang sutures
(Chang & Zheng 1973, Allègre et al 1984, Dewey et al 1988, Pierce & Deng
1988; Figure 2). It collided with Qiangtang to the north in the late Jurassic (Dewey
et al 1988) near Amdo (Long. 918E); in the middle Cretaceous near Shiquanhe
(Long. 808E) (Matte et al 1996); and in the northern Karakorum region along the
Karakorum Highway (Long. 758E) (Gaetani et al 1993). Continuing north-south
contraction related to the collision lasted until the early Late Cretaceous within
the Lhasa terrane, resulting in at least 180 km of internal north-south shortening
(Murphy et al 1997).

In Tibet, the Lhasa terrane is about 300-km wide at the longitude of 918E near
Lhasa, and narrows westward to less than 100 km at the longitude of 808E near
Shiquanhe (Figure 2). The Lhasa terrane extends westward across the active right-
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218 YIN n HARRISON

slip Karakorum fault and becomes the Ladakh-Kohistan arc terrane in north-
western India and northern Pakistan (Pan 1990, Searle 1996; Figure 2). The
Kohistan arc, different from Ladakh and Gangdese batholiths, was built upon
oceanic crust (Khan et al 1993, Sullivan et al 1993). Corresponding to the change
of name, the Bangong-Nujiang suture becomes the Shyok suture, or the Main
Karakorum Thrust (MKT), in the Karakorum region (Figure 2). To the east, the
Lhasa terrane makes a 908 turn around the eastern Himalayan syntaxis and
becomes a north-south trending belt (Li et al 1982, Zhong 1998).

Ultramafic rocks are distributed widely in the western and eastern Lhasa ter-
rane south of the Bangong-Nujiang suture zone (Liu 1988). They have been
interpreted either as representing tectonic slices carried by low-angle thrusts some
100 km or more from their root zone to the north (Girardeau et al 1984, Coward
et al 1988), or as indicating more suture zones within the traditionally defined
Lhasa terrane (Hsu et al 1995, Matte et al 1996).

Sedimentary strata in the Lhasa terrane consist of a sequence of Ordovician
and Carboniferous to Triassic shallow marine clastic sediments (Yu & Zheng
1979, Wang et al 1983, Yin et al 1988). Basement is believed to be mid-
Proterozoic to early Cambrian in age, as represented by the Amdo gneiss along
the Golmud-Lhasa road in the northern Lhasa terrane (Figure 2; Xu et al 1985,
Harris et al 1988, Dewey et al 1988).

The Upper Carboniferous to Lower Permian strata are characterized by vol-
caniclastic sediments, which are interpreted to have resulted from back-arc exten-
sion (Pierce & Mei 1988, Leeder et al 1988). The Upper Permian sequence is
characterized by shallow marine strata of dominantly carbonate rocks (Wang et
al 1983). These rocks are mostly restricted to the northern part of the Lhasa terrane
and were deposited after rifting related to the inferred back-arc extension. Upper
Triassic strata, which are mostly restricted in the southeastern Lhasa terrane, con-
sist of volcaniclastic sediments with abundant basalts. This volcanic sequence is
interpreted as being a consequence of rifting (Pierce & Mei 1988), possibly related
to its separation from India.

The Jurassic strata, which are mainly exposed in the northern part of the Lhasa
terrane, consists mostly of turbidites interlayered with volcanic flows and tuffs
(Yu & Zhang 1979). They are generally folded with locally well-developed slaty
cleavage. Early to Middle Cretaceous limestone and marine deposits are wide-
spread in the Lhasa terrane (Yin et al 1988). But by the end of the Cretaceous,
marine sediments are mostly localized immediately south of the Bangong-Nujiang
suture at the end of the Cretaceous (Liu 1988). This localization has been attrib-
uted to the development of a foreland basin during continuing convergence along
the suture between the Qiangtang and Lhasa terranes in the Late Cretaceous, after
they had collided in the Late Jurassic and Early Cretaceous (Yin et al 1994;
Murphy et al 1997, 1999). Along its southern margin, the Paleozoic and Mesozoic
sequences of the Lhasa terrane are intruded by the dominantly Cretaceous to
Tertiary Gangdese batholith belt. In the northeastern Lhasa terrane, Late Jurassic
plutons are also common (Xu et al 1985). The Cretaceous-Tertiary Gangdese
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HIMALAYAN-TIBETAN OROGEN 219

batholith has been related to north-dipping subduction of a plate carrying India
(Chang & Zheng 1973, Allègre et al 1984), while the Jurassic granitoids in north-
ern Lhasa may have been related to southward subduction of the oceanic material
between the Lhasa and Qiangtang terranes (Coulon et al 1986) (Figure 4). South
of the Gangdese batholith is the Cretaceous to early Tertiary Xigaze forearc basin,
one of the best-exposed forearc sequences in the world (Durr 1996). This basin
was underthrust along the north-dipping Oligo-Miocene Gangdese thrust at the
southwestern and southeastern margins of the Lhasa terrane (Yin et al 1994,
1999a). The southern boundary of the Xigaze forearc basin is the Indus-Yalu
suture, which is strongly modified by the development of a major south-dipping
late Tertiary thrust system, the Great Counter Thrust (Heim & Gansser 1939, Yin
et al 1999a).

One of the most striking geologic relationships in the Lhasa terrane, particu-
larly well-exposed in its southern part, is that the Late Paleocene-Early Eocene
(;65–40 Ma) volcanic sequence (Allègre et al 1984, Coulon et al 1986, Leeder
et al 1988) is essentially flat-lying (Yu & Cheng 1979, Wang et al 1983, Liu
1988), implying that the Lhasa terrane has experienced no significant Cenozoic
north-south shortening in the upper crust. This relationship has been indepen-
dently documented by Coulon et al (1986), Xizang BGMR (1992), Pan (1993),
and Murphy et al (1997).

Based on lithologic characteristics and their distribution, the following inter-
pretation is made for the evolution of the Lhasa terrane (Figure 4). During the
latest Proterozoic and the earliest Paleozoic, subduction dipping beneath both
India and Lhasa generated Cambrian–early Ordovician granites in the Himalaya
and in the northern Lhasa terrane. The granites and their country rocks experi-
enced intense north-south shortening expressed in isoclinal folding and devel-
opment of widespread foliation in the Amdo gneiss complex (Coward et al 1988,
Dewey et al 1988) (Figure 4). This deformational event could have been a result
of an amalgamation between India and Lhasa in the early Paleozoic. In the Late
Carboniferous and Early Permian (Figure 4), rifting occurred along the northern
margin of the Lhasa terrane, which may have caused separation of a northern
portion and the opening of an ocean basin (Figure 4). It is possible that the rifted
northern part of the early Paleozoic Lhasa terrane is the present Qiangtang terrane
(Yin 1997). The southern margin of the Lhasa terrane experienced a rifting event
in the Late Triassic, which may mark the initial separation of Lhasa from India
and the opening of the Neotethys separating those two continental masses (Gae-
tani & Garzanti 1991). Subduction of the Indian oceanic lithosphere began during
the Middle Cretaceous, leading to creation of the Xigaze forearc basin (Durr 1996)
and Gangdese batholith (Allègre et al 1984, Harrison et al 1992) (Figure 4).

Qiangtang Terrane

Qiangtang lies between the Jinsha suture to the north and the Bangong-Nujiang
suture to the south (Chang & Zheng 1973, Allègre et al 1984, Pierce & Deng
1988, Dewey et al 1988). It is about 500–600 km wide in central Tibet, but
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narrows to ,150 km both to the west and the east in the western Kunlun and
eastern Tibet (Figure 2). The Qiangtang terrane may extend to the Karakorum
region, where it correlates with the Karakorum terrane (Pan 1990, Searle 1991)
and which is bounded by a latest Triassic–Early Jurassic melange to the north
(Gaetani et al 1993) and the Shyok suture/Main Karakorum Thrust to the south.
To the east, the Qiangtang terrane is characterized by the north-facing Triassic
Jiangda arc, which is the eastern extension of the Hoh Xil Shan arc along the
northern margin of the Qiangtang terrane in central Tibet (Burchfiel et al 1995).
The western continuation of this arc may be the Karakorum batholith belt along
the northern edge of the Karakorum terrane (Searle 1991). Instead of being Tri-
assic and early Jurassic in age, the age of the Karakorum batholith ranges from
the Middle Jurassic to Middle Cretaceous (Searle 1991), which implies that the
closure of the Jinsha suture along the northern edge of the Qiangtang-Karakorum
terrane may have been diachronous, younging westward.

Investigations conducted during Sino-French and Sino-British expeditions in
the 1980s focused mostly on the geology along the Golmud-Lhasa road. Results
of these studies did not provide a comprehensive understanding of overall Qiang-
tang geology because the segment of the Qiangtang terrane along the Golmud-
Lhasa road exposes almost exclusively Jurassic strata. It was not clear what the
age and nature of basement rocks beneath the Qiangtang are, and how this tectonic
unit evolved during the Paleozoic and early Mesozoic. This gap of knowledge
has been greatly reduced in the past decade, largely due to a systematic field
mapping project conducted by Chinese geologists (Xizang BGMR 1992) and
several geologic expeditions in recent years (Kapp et al 1997, 1998; Yin et al
1998a, 1999b; Manning et al 1998; Blisniuk et al 1998).

The first-order geologic framework of Qiangtang is characterized by domi-
nantly metamorphic rocks and Late Paleozoic (Carboniferous and Permian) shal-
low marine strata in the west, and Triassic-Jurassic shallow marine carbonate
rocks interbedded with terrestrial clastic and volcaniclastic strata in the east (Fig-
ure 2; Liu 1988). This map pattern results from the presence of the east-plunging
Qiangtang anticlinorium, which is at least 600-km long and about 300-km wide
(Yin et al 1998a). The anticlinorium is defined by metamorphic rocks and Upper
Paleozoic strata in its core and Jurassic to Upper Cretaceous strata on its northern
and southern limbs (Kapp et al 1997, 1999a; Yin et al 1998a; Manning et al
1998). The Carboniferous strata consist of shallow marine sequences of quartzite
and carbonate rocks, which are interlayered with basalts and mafic sills. The
Permian strata are dominated by carbonate deposits, while Triassic and Jurassic
strata consist of fluvial sedimentary sequences, volcanic flows, and shallow
marine carbonate rocks (Cheng & Xu 1986, Li & Zheng 1993, Li et al 1995,
Kapp et al 1999a).

Qiangtang Metamorphic Rocks After the initial discovery of blueschist-
bearing metamorphic rocks in the central Qiangtang reported by Hennig (1915),
subsequent geologic mapping and petrologic studies by Chinese geologists con-
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firmed their existence and extended the occurrence of high-pressure metamorphic
rocks for more than 100 km both to the east and west from Hennig’s original site
(Cheng & Xu 1986, Li et al 1995). Cheng & Xu (1986) interpreted the Qiangtang
metamorphic rocks to represent the basement below the Carboniferous strata. Li
(1987), Li & Zheng (1993), and Li et al (1995) suggested that the Qiangtang
metamorphic rocks represented a suture zone, because the metamorphic rocks
consist of highly deformed flysch deposits, mafic and ultramafic igneous bodies,
and blueschist-bearing metamorphic rocks. Li et al (1995) further suggested that
the suturing of the north and the south Qiangtang occurred during the Triassic,
which marks the boundary between Gondwanaland to the south and Laurasia to
the north. Hsu et al (1995) interpret the Qiangtang metamorphic rocks as part of
an accretionary complex that developed along the southern edge of the Paleozoic
Kunlun magmatic arc and was later rifted away to become the independent Qiang-
tang terrane.

In contrast to the preceding suggestions, abundant mafic volcanic rocks within
the metamorphic belt have also been regarded as products of rifting, as indicated
by their geochemical characteristics (Zhang et al 1985, Wang et al 1987, Deng et
al 1996a). Yin (1997) and Deng (1998) suggested that the inferred rift may have
been linked with a paleo-Tethyan ocean to the east, which separated the Kunlun
to the north from the Qiangtang to the south either in the Permian or between the
Triassic and the Early Jurassic.

Questions regarding the tectonic significance of the Qiangtang metamorphic
belt and its potential for exposing the deeper crust of northern Tibet have moti-
vated several detailed geologic investigations in recent years (Kapp et al 1997,
1999a,b; Yin et al 1998a; Manning et al 1998). The most important conclusions
of these studies are (a) The Qiangtang metamorphic rocks are low- to high-grade
metamorphosed melange complexes. This inference is consistent with earlier
observations made by Li et al (1995). (b) The contacts between the melange
complexes below, and the Upper Paleozoic to Upper Triassic sedimentary and
volcanic strata above, are not depositional (cf. Cheng & Xu 1986, Li et al 1995),
but are low-angle normal faults (i.e. detachment faults), the hanging walls of
which moved to the east. (c) The melange complexes must have occupied most
of the Qiangtang lower crust, because they experienced peak metamorphic con-
ditions at temperatures of 350–5508C and pressures of 8–17 kbars before they
were brought up by the low-angle detachment faults. The last conclusion (i.e. that
the lower crust of the Qiangtang consists of extensively distributed melange com-
plexes) is consistent with the recent discovery of dominantly lower crustal meta-
sedimentary rocks in the xenoliths of Cenozoic volcanic rocks from the Qiangtang
(Deng et al 1996b, Deng 1998).

The contacts between the Qiangtang metamorphic rocks and the overlying
Paleozoic-Mesozoic rocks are best documented in the Shuang Hu and Gangma
Co areas (Figure 2), where the faults are east-directed and the age of their move-
ment is constrained as being between the Late Triassic and earliest Jurassic (Yin
et al 1998a, Kapp et al 1999b). Late Triassic-Early Jurassic cooling ages in the
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footwalls of the Falong and Gangma Co detachment faults in the central Qiang-
tang are related to east-west extension during or immediately after the subduction
from the north of the Songpan-Ganzi flysch complex along the Jinsha suture zone
(Figure 4; Kapp et al 1999a). This inferred tectonic process for the emplacement
of the metamorphic melange complexes in the central Qiangtang is similar to that
inferred for the Orocopia-Rand schists in California during the late Cretaceous to
early Tertiary eastward subduction of the Farallon plate beneath western North
America (Jacobson et al 1996).

The Qiangtang melange is constrained to be at least as young as Late Triassic,
because it contains blocks of Carboniferous-Permian strata and Upper Triassic
radiolarian fossils (Deng 1996). The absence of Jurassic rocks in the melange
strongly suggests that the Late Triassic marks the end of development of the
Qiangtang melange. This age coincides with southward subduction of the
Songpan-Ganzi flysch complex beneath the Qiangtang along the Jinsha suture
zone (Dewey et al 1988, Yin & Nie 1996).

Panafrican age zircons from footwall gneisses of the Gangma Co detachment
fault (Kapp et al 1999b) are similar to those in footwall granitoids of the
Nyainqentanghlha detachment (D’Andrea et al 1999) and Amdo gneiss (Xu et al
1985) in the Lhasa terrane. Thus the Qiangtang terrane may have been part of
eastern Gondwana, which was once connected with the Lhasa terrane and India
(Kapp et al 1999b). It could have rifted away from the Lhasa terrane between the
Late Carboniferous and the Permian, during which time rift-related basalts and
shallow marine strata were deposited in the Qiangtang (Yin et al 1988, Pierce &
Mei 1988; Figure 4). The widespread Late Triassic to Early Jurassic volcanic
deposits of the Qiangtang may have resulted from southward subduction of the
Songpan-Ganzi ocean basin (Kapp et al 1999b; Figure 4).

Relationship Between Thrusting And Early Mesozoic Detachment
Faulting The Falong detachment fault in the Shuang Hu region truncates an
imbricate thrust system in its hanging wall that repeats a Late Triassic dolostone
unit (Figure 4). As detachment faulting occurred in the Early Jurassic (Kapp et
al 1999b), there must have been a significant crustal thickening event between
the Late Triassic and the Early Jurassic in the central Qiangtang, coeval with the
southward subduction of a huge flysch complex in the Songpan-Ganzi-Hoh Xil
terrane. Because no Cenozoic thrusts cut the Early Jurassic detachment fault in
the Shuang Hu area, it appears that Late Triassic contraction is the only crustal
thickening event in the central and eastern Qiangtang regions.

Geologic mapping in the Gangma Co area shows a different cross-cutting
relationship. There, the detachment fault is cut by thrusts that involve lower Ter-
tiary strata (Figure 4; Yin et al 1999b). It is the difference in the cross-cutting
relationships between thrusting and detachment faulting that has resulted in the
current regional map pattern for the exposure of the Qiangtang melange. In the
Shuang Hu region of Qiangtang, the metamorphic melange is exposed in a semi-
circular outcrop beneath the detachment fault. The Shuang Hu core complex and
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other adjacent exposures of metamorphic melanges do not define the regional
anticlinorium (Figure 2). In contrast, the metamorphic melange in the Gangma
Co area to the west is exposed in relatively long strips, a map pattern controlled
by the presence of several Cenozoic thrusts. In the Gangma Co area and its
adjacent regions to the north and south, the distribution of the Qiangtang melange
also defines the structurally deepest part of the Qiangtang anticlinorium. The
involvement of Cenozoic thrusts suggests that the Qiangtang anticlinorium devel-
oped during the Cenozoic. The involvement of Cretaceous and Tertiary strata at
a regional scale defining the anticlinorium supports this interpretation (Liu 1988).
Therefore, it is possible that the current distribution of blueschist-bearing meta-
morphic melange in Qiangtang resulted from the superposition of the following
two structural developments: (a) Scattered exposures of core complexes were
developed in the Late Triassic-Early Jurassic, during or immediately after the
underplating of the Songpan-Ganzi flysch complex beneath the Qiangtang terrane
(Figure 4), and (b) the isolated exposures of the Mesozoic metamorphic core
complexes were modified by the development of Cenozoic thrusting and regional
folding in the western Qiangtang, which resulted in the formation of the western
Qiangtang anticlinorium (Figures 2 and 3). As discussed later, the Qiangtang
anticlinorium may be a hanging wall anticline above a large north-dipping Ter-
tiary thrust system along the reactivated Bangong-Nujiang suture zone (Yin et al
1998b).

Songpan-Ganzi-Hoh Xil Terrane

Tectonic Setting The Songpan-Ganzi-Hoh Xil terrane is a triangular tectonic
element between the East Kunlun-Qaidam terrane in the north and the Qiangtang
terrane in the south. It occupies a large part of the central Tibetan plateau (Figure
2), and its western extension is a long but narrow belt, offset by the left-slip Altyn
Tagh fault (Pan 1990, 1996). In Tibet, east of the Altyn Tagh fault, the terrane is
bounded by the Jinsha suture to the south and the Anyimaqen-Kunlun-Muztagh
suture to the north (Li et al 1982, Molnar et al 1987, Burchfiel et al 1989a, Dewey
et al 1988, Deng 1996). In the western Kunlun, it is bounded by the Marza suture
to the north and the Karakorum fault to the south (Pan 1996, Deng 1996, cf. Matte
et al 1996). In the Pamir, southwest of the northwest-striking Karakorum fault,
the northern part of the Southern Pamir terrane between the melange complex in
the northern Karakorum in the south (Gaetani et al 1993) and the Rushan-Pshart
suture in the north (Burtman & Molnar 1993) may be equivalent to the Tian-
shuihai terrane of the western Kunlun and the Songpan-Ganzi-Hoh Xil terrane of
Tibet (Figure 2).

The closure age of the Rushan-Pshar suture in the Pamir and the western
Kunlun Shan and its eastern extension, the Anyimaqen-Kunlun-Muztagh suture,
in Tibet, appears too young from east to west. In the Pamir, the closure time of
the Rushan-Pshar suture is probably in the mid-Cretaceous (Burtman & Molnar
1993), whereas in the western Kunlun, the closure of the Marza suture occurred
in the latest Jurassic (Pan 1990). Farther to the east, in the eastern Kunlun, the
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closure of the Anyimaqen-Kunlun-Muztagh suture was completed in the early
Jurassic (Dewey et al 1988).

The eastern boundary of the Songpan-Ganzi-Hoh Xil terrane lies along the
eastern edge of a southeast-directed, latest Triassic-Early Jurassic thrust belt along
the western edge of South China (Figure 2; Burchfiel et al 1995). Triassic strata
conformably overlie Paleozoic shallow marine sequences of South China (Burch-
fiel et al 1995) in that area, suggesting that basement is continental, at least in the
very eastern part of the terrane.

The Triassic Yidu arc is bounded by the Litang suture to the north and the
Jinsha suture to the south. The Litang suture merges with the Jinsha suture to the
west, but appears to terminate within the South China block (Figure 2). This arc
forms the southeastern boundary of the Songpan-Ganzi-Hoh Xil terrane and could
have been built either on the continental basement of South China (Burchfiel et
al 1995) or on an oceanic crust above a west-dipping subduction zone, which
later collided with South China (Sengor 1984).

Songpan-Ganzi-Flysch Complex The Songpan-Ganzi-Hoh Xil terrane and its
western extension in the western Kunlun Shan are characterized by a thick
sequence of Triassic strata of deep marine deposits (Rao et al 1987, Qinghai
BGMR 1991, Hou et al 1991, Gu 1994, Nie et al 1994). These Triassic strata,
which are mostly of late Triassic age and at least several kilometers thick, are
commonly referred to as the Songpan-Ganzi flysch complex. Internally, the
Songpan-Ganzi flysch complex was intensely deformed by folding and thrusting
during the Late Triassic and Early Jurassic (Chen et al 1994, Burchfiel et al 1995,
Worley & Wilson 1996, Worley et al 1997). This deformational event was con-
temporaneous with collision and subsequent continuing convergence between
North and South China (Burchfiel et al 1995, Yin & Nie 1996). The Triassic
flysch complex is in fact distributed in a much wider area than the narrowly
defined Songpan-Ganzi-Hoh Xil terrane. The former extends north of the
Anyimaqen-Kunlun-Muztagh suture on both sides of the Kunlun arc (e.g. Sengor
& Natal’in 1996), where the Triassic flysch rests depositionally on top of Paleo-
zoic shallow marine sequences belonging to the passive continental margin of
North China (Zhou & Graham 1996). South of the melange zone along the Jinsha
suture, the Triassic marine strata are interbedded with volcaniclastic rocks as
deposits of a forearc basin. The map relationships between the Triassic flysch
deposits and elements in the Triassic convergent boundaries (i.e. Anyimaqen-
Kunlun-Muztagh and Jinsha sutures and the Kunlun arc) in central Tibet indicate
that the Songpan-Ganzi flysch sediments may have been deposited in several
separate tectonic basins (Figure 4). From north to south, they are (a) a back arc
basin north of the Kunlun arc, which has the North China block as the basement,
upon which Triassic flysch was deposited; (b) a forearc basin between the Kunlun
arc in the north and the Anyimaqen-Kunlun-Muztagh suture (represented by the
Huashixia melange zone; see Figures 2 and 4) in the south; (c) a remnant basin
between the Jinsha and Anyimaqen-Kunlun-Muztagh sutures that consists of the
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majority of the Triassic flysch deposits and has depositional contact with the
basement of South China; and (d) a forearc basin south of the Anyimaqen-
Kunlun-Muztagh suture. The preceding tectonic division explains why the Tri-
assic Songpan-Ganzi flysch complex was deposited on top of the basement of
both North China (Zhou & Graham 1996) and South China (Burchfiel et al 1995).

The source of the apparently thick Songpan-Ganzi flysch complex in the east-
ern part of the Songpan-Ganzi-Hoh Xil terrane has been attributed either to the
formation of a large accretionary complex as a result of offscraping of deep marine
sediments (Sengor 1990) or to a large flux of sediments from the Qinling-Dabie
orogenic belt, which was created by the Triassic collision of North China with
South China (Yin & Nie 1993, Zhou & Graham 1993). The latter experienced
significant denudation in the Late Triassic, which led to the widespread exposure
of ultra–high pressure metamorphic rocks (Liou et al 1996, Hacker et al 1996).

Several lines of evidence support the connection between the deposition of the
Songpan-Ganzi flysch complex and erosion of the Qinling-Dabie orogenic belt.
First, consideration of mass balance shows that the amount of rock eroded from
the Qinling-Dabie orogenic system is compatible with the total volume of the
Songpan-Ganzi flysch sediments (Nie et al 1994). Second, analyses of sedimen-
tary facies and composition of sandstones in the northeastern part of the complex,
in the western Qinling, indicate that Triassic deep-marine sediments were derived
from North China (Zhou & Graham 1996). Finally, correlation of provenance
using U-Pb dating of single detrital zircon grains in the easternmost part of the
flysch complex suggests that the source of its clastic materials is mainly from the
southern margin of North China (Bruguier et al 1997).

In contrast to the remnant ocean model for the origin of the Songpan-Ganzi
oceanic basin (Yin & Nie 1993, Zhou & Graham 1993), Gu (1994), Hsu et al
(1995), and Burchfiel et al (1995) proposed that the Songpan-Ganzi flysch was
deposited in a back arc basin behind a north-dipping subduction zone along the
Jinsha suture zone. However, the presence of widespread Triassic igneous rocks
south of the Jinsha suture zone (Liu 1988) and the lack of Triassic volcanic
deposits in the Triassic flysch north of the suture (Qinghai BGMR 1991) have
been cited as evidence against this hypothesis (Zhou & Graham 1996). The spo-
radic plutons intruded into the Triassic flysch complex (Figure 2; Liu 1988) post-
date the deposition of the flysch complex.

Eastern Kunlun-Qaidam Terrane

The Eastern Kunlun-Qaidam Terrane is bounded by the Anyimaqen-Kunlun-
Muztagh suture to the south (Molnar et al 1987, Pan 1996, Deng 1996) and the
southern Qilian suture (Li et al 1978, 1982) to the north (Figure 2). In the south,
its geology is dominated by a broad Early Paleozoic arc, on which a younger and
narrower Late Permian to Triassic arc was superposed. Together, they are referred
to as the Kunlun batholith (Harris et al 1988, Jiang et al 1992).
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The western part of the composite Kunlun batholith consists of Middle to Late
Proterozoic gneiss, schist, and marble, which were unconformably overlain by
stromatolite-bearing Sinian (latest Proterozoic) strata and Cambrian (?) to Middle
Ordovician shallow marine carbonate sequences (Qinghai BGMR 1991, Jiang et
al 1992, Huang et al 1996). To the east, near the Golmud-Lhasa highway, the
gneissic basement rocks north of the active left-slip Kunlun fault were dated by
the Rb-Sr method to have formed at 1846 5 109 Ma (Zhang & Zheng 1994),
and south of the Kunlun fault, in the southeastern part of the East Kunlun-Qaidam
terrane, a Sm-Nd age of 1927 5 34 Ma was obtained for a deformed diorite
(Zhang & Zheng 1994). The Proterozoic gneisses were overlain by Ordovician
carbonate sequences (Yin et al 1988). Between the Late Ordovician and Early
Carboniferous, volcanic deposits interbedded with marine deposits became wide-
spread in the eastern Kunlun region (Huang et al 1996, Yin et al 1988). Associated
with the Paleozoic volcanic rocks are extensive granitic intrusions with ages rang-
ing from dominantly 470–360 Ma in the western Kunlun batholith near Qimen
Tagh (Xu et al 1996) to 260–190 Ma in the eastern Kunlun batholith (Harris et
al 1988) along the Golmud-Lhasa road.

The Early Paleozoic volcanic activity and associated magmatism were inter-
rupted in the central and northern parts of the East Kunlun-Qaidam block by
widespread deposition of Middle-Upper Carboniferous shallow marine carbonate
rocks, which have no volcanic clasts (Qinghai BGMR 1991). However, along the
southernmost margin of the Kunlun-Qaidam block, the Late Carboniferous-Early
Permian marine sediments are interbedded with large amounts of basalts, ande-
sites, and rhylites. Together, their total thickness exceeds 3,500 m (Qinghai
BGMR 1991, Pierce & Mei 1988). This localized development of volcanism and
the great thickness of submarine sedimentary and volcanic strata suggest to us
that the southern Kunlun-Qaidam terrane may have experienced a rifting event
that removed part of the southern Kunlun-Qaidam block in the Early Permian
(Figure 4). This interpretation is consistent with the geochemistry of the Early
Permian volcanics (Pierce & Mei 1988). Subsequent to the rifting event, the
northward subduction of the Songpan-Ganzi-Hoh Xil ocean floor beneath the
Kunlun batholith began in the latest Permian and lasted until the latest Triassic,
which led to both volcanic eruptions and intrusion of granites in the southern
Kunlun-Qaidam terrane (Zhang & Zheng 1994). This younger arc is superposed
on the older Early Paleozoic arc (Figure 4; Jiang et al 1992). The latest Permian-
Triassic arc in the Eastern Kunlun-Qaidam terrane could also be related to south-
dipping subduction of the South Qilian terrane (Figures 2 and 4), since Triassic
volcanic rocks are widespread in the northeastern margin of the East Kunlun-
Qaidam terrane. Intense folding of the Triassic flysch complex (e.g. Burchfiel et
al 1995) led to the elimination of the Songpan-Ganzi-Hoh Xil ocean in the Middle
Jurassic (Nie et al 1994, Zhou & Graham 1996).

The northern part of the Eastern Kunlun-Qaidam terrane is mostly occupied
by the Qaidam basin. Bedrock exposures are scattered along its northernmost
edge, immediately south of the South Qilian suture. In this region, Ordovician
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shallow marine strata are interbedded with andesites and volcanic tuffs, possibly
representing a back arc setting behind the south-facing Ordovician Kunlun arc,
along the southern edge of the Eastern Kunlun-Qaidam terrane (Hsu et al 1995)
(Figure 4). The closure of the south Qilian suture between the Qilian terranes and
the Eastern Kunlun-Qaidam terrane was inferred by Li et al (1978) to be in the
latest Triassic, because of the presence of Late Triassic plutons and marine strata
in the easternmost part of the southern Qilian. However, the Triassic plutons in
the southern Qilian terrane could be part of the Late Permian-Triassic Kunlun
batholith, which extends across the eastern end of the Qaidam basin and strikes
into the southwestern part of the Qilian Shan (Liu 1988; Figure 2). An alternative
interpretation to that of Li et al (1978) is that the collision between the Eastern
Kunlun-Qaidam terrane and the southern Qilian belt occurred in the Late Devo-
nian, as indicated by widespread deposition of terrestrial clastic sediments that
rest unconformably on top of the folded and metamorphosed Ordovician strata
(Figure 4; Cheng 1994, Hsu et al 1995).

Qilian Shan Terranes

Although generally excluded from discussions of Tibet (e.g. Allègre et al 1984,
Dewey et al 1989), the Qilian terranes and the Nan Shan are integral parts of the
Tibetan plateau. This area consists of complexly deformed early Paleozoic arcs,
which were developed at the southern margin of the North China craton before
it was offset by the Altyn Tagh fault in the Cenozoic. The Qilian Shan terrane
has been traditionally divided into three east-west trending structural units (Li et
al 1978, Xiao et al 1978): the northern, central, and southern Qilian belts. The
central Qilian belt is thought to have rifted away from the southern margin of
North China in the late Proterozoic to the Cambrian, as a result of back-arc
spreading behind a north-dipping subduction zone (Figure 4; Xia et al 1996). The
northern Qilian belt is an island arc system that was constructed along the southern
margin of North China in the Ordovician, as the back arc basin was closing along
a north-dipping subduction zone. This tectonic event led to the collision of the
northern Qilian arc with the central Qilian belt, which consists mainly of Precam-
brian gneisses (Xia et al 1996, J Zhang et al 1998). The continuing convergence
between the northern and central Qilian belts lasted until the Early Devonian,
although the ocean between the two could have been eliminated much earlier, in
the Early Silurian or the latest Ordovician (Xia et al 1996).

Collision between the central and the southern Qilian terranes was expressed
by the development of a melange zone, involving highly deformed Ordovician
and possibly Silurian sequences of marine sediments and volcanics (Cheng 1994,
Hsu et al 1995). Cheng (1994) inferred that the closure of the ocean between the
central and southern Qilian belts was completed in the Late Devonian, when
terrestrial clastic sediments were widely deposited in the region. Late Devonian
is also considered to have been the time when the united Qilian terrane was
welded with the Eastern Kunlun-Qaidam terrane (Cheng 1994). The development
of a series of Early Paleozoic arcs and their synchronous closures in the Devonian
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suggest that these arcs all could have been developed as parts of a complex back-
arc system behind the south-facing Kunlun arc (Figure 4). This interpretation is
similar to that of Hsu et al (1995), but differs significantly from that of Sengor
& Natal’in (1996), who regard the Qilian and Eastern Kunlun-Qaidam terranes
as parts of a long-evolved accretionary complex in the Paleozoic, and thought
that the arcs in the Qilian terrane were originally one single belt that was repeated
in map view by a series of strike-slip faults. The strike-slip faults required by the
model of Sengor & Natal’in (1996) have not been described in any report of
Qilian geology (e.g. Qinghai BGMR 1991, Cheng 1994).

Western Kunlun Shan and the Karakorum Range

The Himalayan-Tibetan orogen becomes a narrow belt at its western end in the
western Kunlun Shan and the Karakorum range (Figure 2). Its width measured
between India and Tarim is only about 400–500 km, which is a third of the width
of the central part of the Himalayan-Tibetan orogen. Tectonically, the region may
be divided into five terranes (Pan 1990, 1996; Yin & Bian 1992; Deng 1996;
Matte et al 1996; Ding et al 1996; Searle 1996; Zhang & Li 1998). From north
to south, they are North Kunlun and South Kunlun terranes (4 Eastern Kunlun-
Qaidam terrane in Tibet), the Tianshuihai terrane (4 Songpan-Ganzi-Hoh Xil
terrane to the east), the Karakorum terrane (4 Qiangtang terrane), and the
Kohistan-Ladakh terrane (4 Lhasa terrane). The recognizable suture zones that
divide some of these terranes are the Kudi suture, which separates the North and
South Kunlun terranes, the Shyok suture, which divides the Karakorum terrane
from the Kohistan-Ladakh arc terrane, and the Indus suture, which separates the
Kohistan-Ladakh terrane from India. The boundary between the Tianshuihai and
South Kunlun terrane is complicated by the active left-slip Karakash (4 Karakax)
fault (Figure 2), although it has been inferred to be a suture (the Marza suture)
separating the two in the latest Paleozoic, and was closed in the Triassic based
on the presence of melange complexes and fragments of serpentinites (Deng 1996;
Pan 1990, 1996; Hsu et al 1995). The boundary between the Karakorum terrane
and the Tianshuihai terrane follows the active right-slip Karakorum fault and is
defined by the northern Karakorum melange complex of Gaetani & Garzanti
(1991).

There are two contrasting views about the development of the western Kunlun
orogenic belt in the Paleozoic and Mesozoic. The first was proposed by Sengor
& Okurogullari (1991), who viewed the western Kunlun as a collage of contin-
uously accreted flysch complexes with an arc system that sequentially emplaced
plutons southward as the accretionary complex grew larger to the south. In this
context, there are no distinctive rigid building blocks for the formation of the
orogen. In contrast, the tectonic division of Li et al (1982), Pan (1990), and Deng
(1996) implies that the orogen was formed by the development and collision of
magmatic arcs with the Tarim block in the north. This view is best summarized
in the synthesis by Pan (1990, 1996), which was largely followed by Matte et al
(1996).
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An important sedimentary sequence in the North Kunlun is a thick pile of
marine sedimentary strata of Late Devonian to early Permian in age. In the Sengor
& Okurogullari (1991) model, this pile was interpreted to be the capping sequence
of an accretionary complex, whereas in the arc-collision model of Pan (1990) and
Matte et al (1996), it was viewed as a foredeep deposit developed at the time of
ocean closure. Neither model explains the fact that the Carboniferous and Early
Permian strata contain no volcanic clasts (Wang 1996). This leads to a third
possible explanation for the Late Paleozoic development of the western Kunlun:
That is, the Late Devonian to Early Permian sequence could have been produced
by rifting along the southern margin of the Tarim block after the development of
south-facing arc in the Ordovician (Figure 4; Xu et al 1996, Jia 1997). This may
explain the absence of magmatism in the western Kunlun between the Late Ordo-
vician and Early Permian. It also explains the presence of Triassic fossils in the
Kudi suture zone, which separates the North and South Kunlun in the western
Kunlun Shan (Fang et al 1998). It is possible that the Kudi suture represents the
closure of a back arc basin in the Triassic. This basin terminates eastward before
it reaches the present eastern Kunlun arc region.

The two-stage development of magmatic arcs, first in the early Paleozoic and
then in the Late Permian and the Triassic, in the western Kunlun Shan is similar
to the history of the Kunlun batholith along the southern margin of the Eastern
Kunlun-Qaidam terrane. The only difference is that the Kudi back arc basin did
not extend to the eastern Kunlun. The correlation between composite arcs in the
western Kunlun and a composite batholith in the eastern Kunlun supports the
early inference that the Kunlun arc may have been offset by the Cenozoic left-
slip Altyn Tagh fault for about 550 km in the Cenozoic (Peltzer & Tapponnier
1988).

TIMING OF THE INDO-ASIAN COLLISION

The Cenozoic history of the Himalayan-Tibetan orogeny must be viewed in the
broad context of the Indo-Asian collision, which in turn requires an understanding
of the convergent history between India and Asia. Remarkable progress has been
made in the last two decades in refining the plate kinematics of the two continents
during the past ;85 Ma (Patriat & Achache 1984, Dewey et al 1989, Molnar et
al 1993). Such quantitative knowledge of plate motion has in turn been used for
(a) calculating mass balance, (b) estimating the total amount of finite strain (i.e.
the magnitude of indentation of India into Asia) created by Indo-Asian collision,
and (c) determining possible modes of strain accommodation mechanisms in the
overall collisional system (England & Houseman 1986, Richter et al 1991, Le
Pichon et al 1992). However, these deductive approaches are based on two critical
assumptions: (a) that the elevation distribution of Asia prior to the Indo-Asian
collision is known, and (b) that the timing for the onset of the Indo-Asian collision
is well constrained. As shown previously, significant elevation (;3 km) may have
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been already created in Tibet by the early Late Cretaceous, at least in the southern
portion of the Tibetan plateau (Murphy et al 1997), and maintained until the onset
of the Indo-Asian collision. We here review various lines of evidence that have
been used to constrain the timing of the initial collision between India and Asia.

Plate Kinematics and Paleomagnetism

Analysis of Cenozoic magnetic anomalies in the Indian ocean shows that the
relative velocity between the Indian and Eurasian plates decreased rapidly from
;15–25 cm/yr to ;13–18 cm/yr at ;50 Ma. This sudden decrease in plate con-
vergent rate has been interpreted as indicating the time for the onset of the Indo-
Asian collision (Patriat & Achache 1984). Paleomagnetic results from
sedimentary rocks of the Nintyeast Ridge in the Indian ocean similarly show that
the northward movement of the Indian plate exhibits a distinct reduction in speed
from 18–19 cm/yr to 4.5 cm/yr; this occurred at about 55 Ma (Klootwijk et al
1992), but this change in the rate of motion was interpreted by Klootwijk et al
(1992) to indicate the completion of suturing between India and Asia; thus, the
initial contact between India and Asia could have been earlier than 55 Ma (Kloo-
twijk et al 1992, 1994). It is difficult to determine whether the slowdown of
convergence between India and Asia resulted from an increase in tectonic resis-
tance due to contact of the buoyant Indian continental margin with Asia, or
whether it simply reflects a sudden decrease in the spreading rate along the Indian
mid-oceanic ridge at ca. 50–55 Ma.

Besse et al (1984) suggested that the collision between India and Asia occurred
at about 50 Ma, based on a joint analysis of primary and secondary components
of magnetization in late Paleocene sediments from the northernmost margin of
India. As pointed out by Jaeger et al (1989), the strata used in that analysis are
in fact older, between 60 and 56 Ma, so that the time of collision between India
and Asia should be older than 60 Ma.

Stratigraphic and Paleontologic Evidence

Alternatively, the age of the initial Indo-Asian collision has been constrained by
the stratigraphic and sedimentologic evolution of the Himalayan passive conti-
nental margin. Gaetani & Garzanti (1991) show that an abrupt change from
marine to terrestrial deposition occurred at the end of the early Eocene in the
Zanskar region of northeastern India (;52 Ma). Although this age has been
widely quoted as representing the initial age of the Indo-Asian collision (e.g. Le
Fort 1996, Rowley 1996), in fact it only constrains a lower limit (i.e. the youngest
age) on the onset of the collision. This is because a large portion (as much as
500–1000 km) of the Indian passive continental margin could have been sub-
ducted beneath Asia (Patriat & Achache 1984, Matte et al 1997), potentially
eliminating the early record of collision.

Beck et al (1995) showed that accretionary-prism and trench strata along the
southern edge of Asia in northwestern Pakistan were thrust over the passive con-
tinental margin of India after 66 Ma but before 55 Ma. This relationship suggests
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that the elimination of the oceanic lithosphere between India and Asia must have
occurred before 55 Ma, because a significant portion of the Indian passive con-
tinental margin, which records earlier thrusting events related to initial collision,
could have been underthrust beneath Asia before 55 Ma. This implies that 55 Ma
is a minimum age for the initial Indo-Asian collision in northwestern Pakistan.

Near Tingri in south-central Tibet (Figure 2), continuous Upper Cretaceous to
Lower Tertiary Indian passive continental margin marine strata exposed in Zhe-
pure Mountain were investigated by Willems et al (1996). They found that a
drastic change in sedimentary facies and depositional patterns occurred in the
Middle Maastrichtian (;70 Ma). Above an unconformity, the Middle Maastrich-
tian strata are characterized by a sudden transition from marly sandstone to sili-
ciclastic turbidite sediments. In the Lower Paleocene strata, directly above the
Maastrichtian strata (66–64 Ma), redeposition of shallow-water clastic rocks are
found. This change in depositional patterns along the Indian continental passive
margin between 70 and 64 Ma was interpreted by Willems et al (1996) as indi-
cating the initial contact between India and Asia. Similar conclusions were
reached by Shi et al (1996), who also noted the widespread breakup of carbonate
platforms between the latest Cretaceous (;80 Ma) and the earliest Tertiary (;59
Ma) and interpreted the breakup to represent the time of initial collision between
India and Asia. The age, lithologic, and water-depth data of Willems et al (1996)
were used by Rowley (1998) for constructing a backstripped subsidence history
between 100 and 46 Ma in the Zhepure Mountains area. The subsidence curve
of Rowley (1998) shows that a sharp increase in the rate of tectonic subsidence
occurred at ;70 Ma, which could reflect the loading of the accretionary margin
of Asia over the Indian passive continental margin. However, Rowley (1998)
rejected this possible interpretation and suggested instead that the increase in the
tectonic subsidence rate owing to initial Indo-Asian collision cannot be detected
from the stratigraphic record; this implies that the Indo-Asian collision along the
central segment of the Indus-Yalu suture zone must have occurred after ;46 Ma,
indicating the youngest age of marine strata in the Zhepure Mountain sequence.
A latest Cretaceous time for initial collision between India and Asia was also
proposed by Jaeger et al (1989) on the basis of terrestrial faunal exchange between
the two continents in the Maastrichtian.

Emplacement of the Spontang ophiolite over the Indian continental shelf
sequence in the Zanskar region occurred in the latest Cretaceous (Searle et al
1988; cf. Le Fort 1989). This event was related to the initial collision between
India and Asia; it may have provided substantial loading that affected foreland
deposition along the northern edge of the Indian craton between the Late Creta-
ceous and the Early Paleocene (Najman et al 1993, 1994).

Youngest Age of the Gangdese Batholith

Although it has been cited as a way of dating the time of initial collision between
India and Asia (Dewey et al 1988, Le Fort 1996), the age of emplacement of the
Gangdese batholith varies from ;120 Ma (Xu et al 1985) to 30 Ma (Harrison et
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al 1999b). The youngest ages, between 45 and 30 Ma (Honegger et al 1982,
Schärer et al 1984, Xu 1990, Harrison et al 1999b), clearly postdate the initial
contact between India and Asia, because collision-related Sm-Nd metamorphic
ages in the Himalaya are as old as 49 5 5 Ma (Tonarini et al 1993). The dis-
crepancy among these ages suggests that the youngest age of the Gangdese bath-
olith may be a poor indicator for the termination of subduction of the Indian
oceanic lithosphere.

In summary, the existing data suggest that the initial collision between India
and Asia could have started as early as latest Cretaceous time (;70 Ma). It is
also important to note that most of the stratigraphic evidence cited above con-
strains only a lower bound for the time of initial collision.

CENOZOIC DEFORMATION IN THE HIMALAYAN-
TIBETAN OROGEN

Himalayan Region

It has long been thought that thrusting within the Himalaya is a relatively late
stage response in the overall accommodation of India’s collision with Asia (e.g.
Gansser 1964), and it remains unclear why crustal-scale thrusting within the col-
lision zone was delayed for perhaps 20–40 Ma following the onset of collision.
South-directed thrusts within the Himalaya (Figure 3), including the Main Central
Thrust and Main Boundary Thrust (Gansser 1964, Bouchez & Pêcher 1981, Arita
1983, Le Fort 1986, Mattauer 1986, Burbank et al 1996), all appear to sole into
a common decollement, the Main Himalayan Thrust (Zhao et al 1993, Nelson et
al 1996, Brown et al 1996) (Figure 3). In general, the Main Central Thrust places
high-grade gneisses (Greater Himalaya) on top of lower-grade schists (Lesser
Himalaya). The Main Boundary Thrust juxtaposes those schists against the un-
metamorphosed Miocene-Pleistocene molasse (the Siwalik Group). Thrusting is
presently active within Quaternary sediments.

Main Central Thrust The Main Central Thrust is defined by a thick shear zone
of a few kilometers to .10 km thick (e.g. Grasemann & Vannay 1999). Balanced
cross-sections and flexural modeling of gravity data suggest that the north-dipping
Main Central Thrust accommodated a minimum of 140 km of displacement and
perhaps as much as 500 km (Gansser 1964, Arita 1983, Lyon-Caen & Molnar
1985, Pêcher 1989, Schelling & Arita 1991, Schelling 1992, Srivastava & Mitra
1994). Geochronology from the Main Central Thrust hanging wall indicates that
anatexis and simple shear deformation occurred synchronously at 22 5 1 Ma
(Parrish & Hodges 1993, Coleman & Parrish 1995, Hodges et al 1996). Cooling
ages in the upper portion of the Main Central Thrust hanging wall suggest that
deformation had terminated there by the Middle Miocene (Hubbard & Harrison
1989, Copeland et al 1991). In situ Th-Pb dating of monazite included in garnet
has revealed that the peak metamorphic recrystallization in the Main Central
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Thrust zone of the central Himalaya occurred at 8–4 Ma (e.g. Harrison et al
1997a). The apparent inverted metamorphism appears to have resulted from acti-
vation of a broad shear zone beneath the Main Central Thrust, which juxtaposed
two right-way-up metamorphic sequences (e.g. Hubbard 1996). Thermokinematic
modeling suggests that the Main Central Thrust was reactivated at ca. 8 Ma
(following ;10 m.y. of inactivity?) with a slip rate of ;20 mm/yr. At ;6 Ma,
activity shifted progressively from north to south across a broad shear zone, and
slip is thought to have terminated at ;3–4 Ma. Recognition of this remarkably
youthful phase of metamorphism resolves a number of outstanding problems in
Himalayan tectonics. First, this very young phase of metamorphism explains why
the Main Central Thrust (and not the thrusts farther to the south) marks the break
in slope of the present-day mountain range. Second, the young age of fault activity
no longer requires exceptional physical conditions (e.g. very high flow stress,
mantle delamination, rapid decompression) to explain the generation of the Him-
alayan leucogranites. However, it remains unclear when the Main Himalayan
Thrust—the decollement to all the major thrusts in the Himalaya—was initiated,
because no metamorphic or igneous products specifically ascribable to the Main
Central Thrust older than ;25 Ma have yet been documented.

Main Boundary Thrust The surface expression of the Main Boundary Thrust
is a generally steep, north-dipping fault that marks the contact between the Lesser
Himalayan Formations and the underlying Miocene-Pleistocene Siwalik Forma-
tions (Johnson et al 1982, 1985). Significant changes in sedimentation patterns
recorded in the magnetostratigraphy of the Himalayan foreland led Burbank et al
(1996) to conclude that slip on the MBT began at ;11 Ma and was active during
the Pleistocene. Whether or not the Main Boundary Thrust was active during the
Late Miocene/Pliocene reactivation of the Main Central Thrust is not presently
clear. The geomorphology of the Himalayan front suggests that the Main Bound-
ary Thrust could have been active until recently (Nakata 1989).

South Tibetan Detachment System The South Tibetan Detachment System is
a down-to-the-north, low-angle normal fault system that is traceable along the
length of the Himalaya (Burg et al 1984, Burchfiel et al 1992) (Figures 2 and 3).
This feature places generally low-grade Tethyan metasediments against the
Greater Himalayan gneisses (Burg et al 1984, Herren 1987, Burchfiel et al 1992,
Edwards et al 1996, Hodges et al 1996). Variably deformed leucogranites, belong-
ing to the High Himalayan granite series, are commonly exposed in both the
footwall and hanging wall of the detachment system. By determining crystalli-
zation ages of these leucogranites, usually through U-Th-Pb dating of monazite,
it has been possible to constrain the timing of this feature at several locations. At
various sites where the South Tibetan Detachment System has been mapped, no
leucogranite bodies have been observed to cut the trace of the detachment (Burch-
fiel et al 1992, Edwards et al 1996, Searle et al 1997, Wu et al 1998). Leuco-
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Figure 3  Schematic geologic cross-section across the Himalayan-Tibetan orogen. See Figure 2 for the location
of the cross-section.
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granites within the footwall at these localities generally contain shear fabrics that
appear to be related to slip on the fault. U-Th-Pb dating of accessory minerals
yield crystallization ages of 21–19.5 Ma (Zanskar) (Noble & Searle 1995), 17.3
5 0.2 Ma (Shisha Pangma) (Searle et al 1997), 17–16 Ma (Rongbuk) (Hodges
et al 1998, Murphy & Harrison 1999), 16.8 5 0.6 Ma (Nyalam) (Schärer et al
1986, Xu 1990), ;15 Ma (Dinggye) (Xu 1990), ;11.9 Ma (Wagye La) (Wu et
al 1998), and 12.5 5 0.3 Ma (Gonta La) (Edwards & Harrison 1997). Although
the timing of initiation of the South Tibetan Detachment System is not well con-
strained, these ages and the geologic relationships, including Rongbuk, imply that
this fault system was active at 17 Ma or shortly thereafter; for Wagye La and
Gonta La, however, it is demonstrated that the fault system was active after 12
Ma. A lower age limit for slip on the detachment system is constrained by the
initiation at 8–9 Ma of north-south trending normal faults in southern Tibet (Har-
rison et al 1995a) that locally cut the South Tibetan Detachment System (Burchfiel
et al 1992, Xizang BGMR 1992).

Tethyan Himalayan Thrust Belt This thrust belt is located between the South
Tibetan Detachment System and the Indus-Yalu suture (Figure 2). It consists of
folds and imbricate thrusts involving the entire passive continental margin
sequence of the Tethyan Himalaya, with an estimated amount of shortening of
;130–140 km (Ratschbacher et al 1994). K-Ar dating of syn-kinematic white
micas in the thrust belt indicates that shortening started at least by 50 Ma and
lasted to about 17 Ma (Ratschbacher et al 1994). One of the K-Ar mica ages of
Ratschbacher et al (1994) is 82.8 5 4.1 Ma, which may imply that the age of
thrusting in the Tethyan Himalaya was as old as the late Cretaceous. This is
consistent with the initial contact between India and Asia having happened in the
latest Cretaceous. The estimated shortening given here should be regarded as a
minimum value, because part of northern India carrying Cenozoic folded shelf
strata may have been subducted beneath Asia along the Indus-Yalu suture zone.

Gneiss domes of the Tethyan Himalaya (Figure 2) have been interpreted as
representing the footwall ramp of the Main Central Thrust (Wu et al 1998). Hauck
et al (1998) estimated ;326 km shortening across the Himalaya since the initi-
ation of the Main Central Thrust.

Southern Tibet

Great Counter Thrust and Gangdese Thrust Systems The Indus-Yalu suture
zone, where preserved, is bounded by two Cenozoic thrusts (Figure 2). The
younger south-dipping thrust marks the southern boundary, juxtaposing the pas-
sive continental margin sediments of northern India over the melange complex
along the Indus-Yalu suture zone. This fault was first termed the Great Counter
Thrust in the Kailas area of western Tibet (Heim & Gansser 1939), but it has
been variably named along its long extent (.1200 km) as the Yalu Tsangpo Fault
south of Lhasa (Yu & Zheng 1979), the Great Yalu Tsangpo Deep Fault Zone
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(Wang et al 1983) or the Backthrust System (Ratschbacher et al 1994) south of
Xigaze, the South Kailas Thrust near Mount Kailas (Cheng & Xu 1987a), and
the Renbu-Zedong thrust system in the Zedong area (Yin et al 1994). The Counter
Thrust System was active at least between 19 and 10 Ma in southeastern Tibet
(Quidelleur et al 1997) and during 13–10 Ma in the Mount Kailas region in
southwestern Tibet (Yin et al 1999a), but its initiation age is not well constrained.

The older northern boundary of the Indus-Yalu suture is the north-dipping
Gangdese thrust (Harrison et al 1992, Yin et al 1994). This fault is underthrust
beneath the younger Counter thrust system in southeastern and southwestern Tibet
(Yin et al 1999a), eliminating the exposure of the melange complex along the
Indus-Yalu suture zone (Figure 2). The age of movement along the north-dipping
Gangdese thrust is constrained to have occurred between ;30 Ma and 24 Ma
(Yin et al 1994, 1999a, Harrison et al 1999b). The development of this thrust
caused extensive denudation of the Gangdese batholith in its hanging wall and
underthrusting of the Xigaze forearc strata in its footwall (Figure 2, Yin et al
1994).

Karakorum Fault The western part of Tibet is dominated by the active right-
slip Karakorum fault system. Recent studies by Yin et al (1999a) and Murphy et
al (1999) suggest that the Karakorum fault system in southwestern Tibet near the
Kailas area offsets a unique piercing point for about 66 5 10 km. This piercing
point is defined by the south-dipping South Kailas Thrust (Cheng & Xu 1987a)
and an unconformity in its footwall that is cut by the thrust. The Kailas thrust
was active between 13 and 10 Ma (Yin et al 1999a); therefore, the Karakorum
fault in the Kailas region must be younger than 10 Ma.

Slip along the Karakorum fault may be transferred to the Karakorum-Jiali fault
zone, which extends across Tibet along the Bangong-Nujiang suture zone (Armijo
et al 1986, 1989). Field mapping by Kapp et al (1999b) documents south-directed
thrusting along the folded Shiquanhe fault, which generally follows the southern
edge of the suture zone. Alternatively, the Karakorum fault may be a transfer
fault linking the Kongur Shan extensional system to the north, in the Pamir region,
with the Gurla Mandhata-Burang extensional system to the south, in western Tibet
(Ratschbacher et al 1994).

The age of the Karakorum fault in the Kailas area is significantly younger than
that determined in the Bangong Co area, about 200 km northwest of Mount
Kailas, along the strike of the Karakorum fault. Searle et al (1998) documented
two periods of rapid cooling along the central portions of the Karakorum fault
system at 18 Ma to 11.3 Ma, and 11.3 Ma to a recent time. These earlier and
later rapid cooling events are attributed to transpressional and transtensional fault
motion, respectively. The timing and style of faulting near the Mount Kailas area
in southwest Tibet can only be attributed to the second transtensional phase (Mur-
phy et al 1999). An explanation for the lack of 18–11 Ma transpressional defor-
mation along the Karakorum fault in southwestern Tibet is that the southeastern
tip of the fault had not then reached its present position. Its slip at this time was
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transferred to several thrusts in the Bangong Co and Shiquanhe areas northwest
of its present termination near the Gurla Mandhata Mountains. Geologic maps by
Cheng & Xu (1987), Matte et al (1996), and Kapp et al (1999b) show several
south-directed thrust faults extending eastward, away from the Karakorum fault
system. The largest of these are the south-directed Wujiang-Domar thrust (Matte
et al 1996) and the Mandong-Cuobei thrust (Cheng & Xu 1987a), which place
gneisses belonging to the Karakorum metamorphic complex over mid-Jurassic
limestones. Along the eastern arm of Bangong Co, near Wujiang, the Wuijiang-
Domar thrust carries gently folded Tertiary red beds in its hanging wall, indicating
that deformation along the thrust is Cenozoic in age (Matte et al 1996).

Timing and slip constraints for the Karakorum fault and its relationship with
the adjacent Tertiary thrust systems led to the suggestion that it may have initiated
as a transfer fault (Murphy et al 1999). Between about 18 and 11 Ma, it was
linked with thrust systems at its northwestern end in the central Pamir, along the
Rushan-Pshart suture zone (Burtman & Molnar 1993, Strecker et al 1995), and
with the Wujiang-Domar and Mandong-Cuobei thrust systems at its southeastern
end, in western Tibet (De Terra et al 1932, Cheng & Xu 1987a, Kapp et al 1999b,
Matte et al 1996). As the Pamir promontory continued to indent northward, the
length of the Karakorum fault increased and propagated southeastward from 11
Ma until the present. During this period, the Karakorum fault system has been a
transtensional structure that lengthens southward into southwestern Tibet and
rotates clockwise as the Pamir orocline develops (Rumelhart et al 1999) (Figure
5).

The southern end of the Karakorum fault most likely terminates at the evolving
Gurla Mandhata detachment fault system, which includes the currently active
Purang rift system. The Gurla Mandhata fault separates the east-dipping (10–158)
Neogene-Quaternary Purang Conglomerate in its hanging wall from a thick zone
(.500 m) of mylonitic marbles, gneisses, and leucogranites in its footwall (Yin
et al 1996, 1999a; Murphy et al 1999). The marble unit forms the uppermost part
of the footwall and is isoclinally folded into large west-verging nappes. Abundant
kinematic indicators including ductile normal faults, asymmetric folds, and S-C
mylonitic fabrics indicate that the west-dipping mylonitic shear zone slipped nor-
mally. Farther into the interior of Mt. Gurla Mandhata, young (ca. 8 Ma) non-
mylonitic leucogranitic sills and dikes intrude into ductile mylonite with a ca. 19
Ma Th-Pb monazite age (Figure 2).

Central Tibet

Central Tibet is bounded in the south by the Bangong-Nujiang suture zone and
to the north by the southern edge of the Qaidam basin. There are three major
Cenozoic contractional systems in this region, from south to north: (a) the south-
directed Shiquanhe-Gaize-Amdo thrust system, (b) the Fenghuo Shan-Nangqian
fold and thrust belt, and (c) the north-directed Qimen Tagh-North Kunlun thrust
system. All three thrust belts are spatially associated with Tertiary foreland basin
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development (Figure 2). In addition, a major left-slip fault, the Kunlun fault, lies
in the central Kunlun Shan (Kidd & Molnar 1988, Van der Woerd et al 1998).

Shiquanhe-Gaize-Amdo Thrust System In general, this thrust system follows
the trace of the Bangong-Nujiang suture zone (SGA thrust system in Figure 2).
Although it is a Mesozoic suture separating the Lhasa and Qiangtang terranes,
many have recognized that it was reactivated by a series of north-dipping thrusts
that characteristically cut Tertiary strata (Figure 2; Cheng & Xu 1987a, 1987b;
Wang et al 1983; Yu & Zheng 1979; Cheng & Xu 1986; Coward et al 1988;
Dewey et al 1988). The thrust relationship along the suture zone can be clearly
observed in at least four places: (a) near Amdo, where Triassic-Jurassic strata are
thrust over Tertiary red beds (Coward et al 1988, Dewey et al 1988); (b) south
of Shuang Hu, along Zajia Tsangpo, where Jurassic rocks were thrust over Tertiary
red beds (Yin et al 1998b, Kapp et al 1999b); (c) near Gaize, where Jurassic rocks
were thrust over a thick (1–2 km) sequence of Tertiary conglomerate (Yin et al
1998b, Kapp et al 1999b); and (d) near Shiquanhe, where Permian and Cretaceous
strata are thrust over Tertiary conglomerates (Cheng & Xu 1986, Kapp et al
1999b).

The Shiquanhe-Gaize-Amdo thrust system was active in the mid-Tertiary, but
its initiation and termination ages are not well constrained. Near Nading Co (Fig-
ure 2), the Tertiary strata are divided into the Paleogene Nading Co and the Oligo-
Miocene Kangtuo formations (Cheng & Xu 1986). The older unit consists mainly
of volcanic flows, and was dated at 31 Ma by the K-Ar method in one location
(Cheng & Xu 1986). The younger unit consists of conglomerate, sandstone, and
locally basaltic flows of unknown age. The older unit is cut by Cenozoic thrusts
near Nading Co (Cheng & Xu 1986), and the lithologically correlative Kangtuo
Formation is cut by thrusts near Gangma Co (Yin et al 1999c).

Near Amdo, a coarsening upward sequence, grading from mudstone to con-
glomerate, is overthrust by the Amdo gneiss (Figure 2). Ostracods (Cypois, sp.,
Eucypris, sp.), gastropods (Amnicola sp., Gyraulus sp., Pseudamnicola sp., Physa
sp.), and arthropods (Erotylidae incertae Sedis) indicate that the sequence is Oli-
gocene in age (Yu & Zheng 1979).

Near Gaize, 1–2 km of interbedded conglomerates, sandstones, and locally
andesitic flows are present in the footwall of a north-dipping thrust system (Cheng
& Xu 1986, Kapp et al 1999b; Figure 3). Cobbles in the section are dominantly
limestone, sandstone, and volcanic breccias. These terrestrial deposits rest on top
of the late Cretaceous marine limestone, and have been designated as Tertiary in
age (Cheng & Xu 1986), although Liu (1988) assigned a late Cretaceous age for
these rocks. The lower age bound for the Shiquanhe-Gaize-Amdo thrust in the
Gaize area is taken to be post-latest Cretaceous (Kapp et al 1999b).

The age of the folded conglomerate sequence cut by the Shiquanhe thrust, an
element of the overall Shiquanhe-Gaize-Amdo thrust system, can generally be
constrained as postdating the late Cretaceous but predating the mid-Miocene.
Cheng & Xu (1987a) assigned a Tertiary age to the Shiquanhe conglomerate based
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on the unconformable relationship between the conglomerate unit and underlying
late Cretaceous marine strata. A flat-lying volcanic flow, dated as 20–18 Ma, rests
on top of the tilted conglomerate unit (Arnaud & Vidal 1990). This relationship
may constrain the upper age limit for Tertiary folding and thrusting in the region.

The exact magnitude of thrusting along the Shiquanhe-Gaize-Amdo thrust sys-
tem is not well constrained, because the rocks in the hanging wall and footwall
of these major thrusts cannot be matched. However, regional structural relation-
ships and lithostratigraphic distribution indicate that the thrust system may have
accommodated some 200-km or a greater amount of crustal thrusting. As spec-
ulated by Yin et al (1998b) and Kapp et al (1999b), the thrust system may consist
of a crustal-scale ramp at mid-crustal level beneath the central Qiangtang. Move-
ment of the Qiangtang terrane along the ramp could have created the 600-km-
long Qiangtang anticlinorium (Figure 3). The crustal-scale ramp model is similar
to that for the relationship between the Purcell anticlinorium and the Lewis thrust
in the Southern Canadian Rockies (Price 1981). The model implies that the north
limb of the anticlinorium lies above the footwall thrust ramp. In that case, the
Lhasa terrane has been underthrust beneath Qiangtang for at least ;200 km (Fig-
ure 3).

Fenghuo Shan–Nangqian Fold and Thrust Belt This belt lies along the north-
ern edge of the Qiangtang terrane and continues across the Jinsha suture zone
into the Songpan-Ganzi-Hoh Xil terrane (Figure 2). In the Fenghuo Shan region,
this belt is characterized by thrusts that dip both to the north and to the south,
juxtaposing variously Permian to Jurassic aged strata over Tertiary strata (Figure
2). The most noticeable stratigraphic unit in the region is the Fenghuo Shan
Group, which is at least 4 km thick (Qinghai BGMR 1991). The age of the
Fenghuo Shan Group is controversial. According to Qinghai BGMR (1991), it
belongs to the Upper Cretaceous, although the fossils collected from the strata
are not unique to the Late Cretaceous. Other researchers have argued that the
Fenghuo Shan Group belongs to the Lower Tertiary and is most likely Eocene in
age, based on the presence of charophytes, fresh water gastropods, ostracods, and
plant fragments (Smith & Xu 1988). Leeder et al (1988) related the deposition
of the Fenghuo Shan Group to the development of Early Tertiary thrusting.

The Fenghuo Shan strata are tightly folded and are intruded by 42–5 Ma
Tertiary intrusions (Zhang & Zheng 1994). They are also overlain by gently folded
Miocene and younger strata (Zhang & Zheng 1994). Both Tertiary sequences are
cut by thrusts that juxtapose variously Permian-Triassic strata with the Tertiary
units. Because the Permian and Triassic strata are both a few kilometers thick,
the vertical throw along each thrust fault in the fold and thrust belt is from a few
kilometers up to ;10 km. The style of deformation and the distribution of thrusts
in the region (Zhang & Zheng 1994) suggest that the total shortening across the
thrust belt is at least 60–80 km.

Qimen Tagh–North Kunlun Thrust System This thrust system consists of two
major thrusts: the Qimen Tagh thrust to the northwest and the North Kunlun thrust
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to the southeast (Figure 2). Both faults juxtapose the Proterozoic metamorphic
rocks and Paleozoic sedimentary and igneous rocks over Tertiary strata of the
Qaidam basin (Figure 2; Bally et al 1986, Song & Wang 1993). This fault system
is currently active, as is evident from numerous fault scarps along its trace. At
the western end, the fault system turns sharply from a northwestern trend to a
southwestern trend and is subparallel to the Altyn Tagh fault directly to its north.
To the east, the Qimen Tagh thrust dies out into the Qaidam basin. Its slip is
transferred to the North Kunlun thrust (Figure 2; Bally et al 1986). The Qimen
Tagh fault appears to have been active in two separate episodes, as indicated by
the stratigraphic records in its footwall: (a) during the Paleocene when a sequence
of conglomerates accumulated along the southwestern part of the Qaidam basin,
and (b) during the past 5–6 Ma since the Early Pliocene, when a thick sequence
of coarse clastic sediments accumulated along the southern margin of the Qaidam
basin (Song & Wang 1993).

The magnitude of thrusting along the Qimen Tagh–North Kunlun fault is not
constrained, but slip variation along the left-slip Altyn Tagh fault indicates that
this thrust system could have accommodated a total of ;270 km north-south
shortening.

Kunlun Fault The Kunlun fault is east-west trending and is ;1000 km long in
central Tibet. It generally follows the trace of the Anyimaqen-Kunlun-Muztagh
suture (Figure 1). The total slip along the Kunlun fault is about 75 km, based on
the offset of a meta-sedimentary unit interpreted from Landsat images (Kidd &
Molnar 1988) (Figure 1). The late Quaternary slip rate on this feature is 12 5 3
mm/yr, derived from cosmogenic dating of offset stream risers (van der Woerd
et al 1998). If the fault has moved at a uniform rate of 12 mm/yr since its initiation,
the magnitude of slip along the Kunlun fault implies that the Kunlun fault has
been active over the past 7 Ma.

The Kunlun fault splits into several branches at its western end, which appear
to be linked with several north-south trending rifts. In the east, the Kunlun fault
bounds several north-south trending basins to its north (e.g. the Lingxia basin).
The Kunlun fault may serve as a transfer fault linking east-west extensional struc-
tures to its north and south. Farther to the east, the Kunlun fault has been con-
sidered to be linked with the active north-south trending Longmen Shan thrust
system (Chen et al 1994) and the left-slip Qinling fault (Y Zhang et al 1998;
Figures 1 and 2).

Northern Tibet

Cenozoic structures in northern Tibet, north of the Kunlun Shan, are dominated
by the Altyn Tagh fault system (Figure 2). This system consists of the Nan Shan
thrust belt, the Western Kunlun thrust belt, the left-slip portion of the main Altyn
Tagh fault, the left-slip Karakash Valley fault, and minor compressional and
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strike-slip structures along the southern margin of the Tarim basin and in the
western part of the Qaidam basin (Figure 2).

The Altyn Tagh fault system is in many respects comparable to the San
Andreas system. It extends for more than 1,200 km and bounds the rather rigid
Tarim basin to the northwest (comparable to the Pacific plate) and the more
deformable Tibetan plateau to the southeast (comparable to the North American
continent) (Figure 1). The Altyn Tagh system consists of many strands of sub-
parallel faults, though they are not all presently active (Cowgill et al 1997). Past
geologic investigations of the main Altyn Tagh strand were largely conducted by
Landsat-image interpretation (e.g. Molnar & Tapponnier 1975, Tapponnier &
Molnar 1979, Peltzer et al 1989, Avouac & Peltzer 1993) or by reconnaissance
field studies (Molnar et al 1987). The only systematic geologic survey along the
entire length of the fault system has been made by geologists from the China
State Bureau of Seismology between 1985 and 1988 (CSBS 1992). However, that
work only emphasized the neotectonic aspects of the fault system.

Characteristics of the Altyn Tagh Fault Between the Tarim and Qaidam basins
(Figure 2), the fault is confined to a relatively narrow zone (,30 km). South of
this fault segment, in the Qaidam basin, are numerous folds involving strata as
young as Quaternary with their axes trending perpendicular to the Altyn Tagh
fault. No obvious bending of the fold axes are apparent from the map relations
(Liu 1988; Figure 2), implying that the Qaidam basement is rigid and that the
Altyn Tagh fault is relatively weak. South of Qaidam, several apparently oroclinal
folds are present on the south side of the Altyn Tagh fault. The change in the map
pattern of the fold axes occurs across the Qimen Tagh thrust, south of which there
is a drastic increase in average elevation, from ;3 km in Qaidam to ;5 km south
of the fault. Two questions may be raised in relation to these observations: (a) Is
the oroclinal pattern controlled by the presence of a thrust ramp or induced by
rotation about the vertical axes (Figure 6)? (b) Is the change in fold axis orien-
tation between Qaidam and the central Tibetan plateau a result of the contrast in
crustal thickness and relative mechanical strength? The upper mantle in central
Tibet between the Kunlun Shan and the Bangong-Nujiang suture zone is inter-
preted as abnormally hot (McNamara et al 1995), and it is thought that Neogene
to Quaternary volcanism is widespread (Deng 1989; Xie et al 1992; Arnaud et al
1992; Turner et al 1993, 1996). For that reason, the difference in fold-axis patterns
could reflect the contrast in mechanical strength between the two regions.

Portions of the Altyn Tagh fault are seismically active. The two largest his-
torical earthquakes (both with a magnitude of M 4 7.2) occurred near Qiemo of
the central Altyn Tagh fault in 1924 (CSBS 1992) (Figure 2), and contemporary
instrumental recordings reveal minor to medium levels of seismicity along the
entire fault system (CSBS 1992). The CSBS seismicity map for the period 1970–
1989 shows intense activity within a ;150–200 km diameter area centered on
the western segment of the Altyn Tagh fault west of Qiemo—although many of
these events are probably not on the main fault. Focal mechanisms of several
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B.

original position of thrust and fold 

rotated thrust and fold 

apparent orocline

thrust flat
oblique ramp

A. Model 1. Orocline produced by oblique thrust ramp 

Model 2. Orocline produced by transrotational tectonics  

left-slip simple shear accommodated by 
rotation in a broad zone

shear zone

Figure 6 Contrasting models for the curvilinear belts of structures along the Altyn Tagh
fault system. (a) The curved belt reflects its original geometry controlled by the presence
of an oblique thrust ramp. (b) Thrusts and folds were originally straight on map view and
were bent later by simple shear deformation along the broad zone of the Altyn Tagh fault
system.
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events in this cluster show dominantly extensional faulting with E-W to ESE-
WNW tension axes (Molnar & Lyon-Caen 1989).

GPS surveys suggest that the eastern segment of the Altyn Tagh fault east of
Qiemo has moved at a rate no greater than 20 mm/yr within a time span of a few
years, and probably closer to ;10 mm/yr. GPS measurements were performed in
1998 along the entire length of the fault system, during which the sites observed
in 1997 were reoccupied (Yin et al 1999b). Preliminary analysis indicates that the
eastern end of the Altyn Tagh fault against the Nan Shan has a slip rate of 8 5
4 mm/yr. At its western end, in the western Kunlun, the north-south convergent
rate is 2 5 4 mm/yr. The GPS stations along the southwestern rim of the Tarim
basin show a systematic decrease from west to east in convergent rate relative to
the stable interior of the Eurasia, suggesting that the Tarim block is currently
rotating clockwise. An independent GPS survey was conducted by Bendick et al
(1998) across the central segment of the Altyn Tagh fault system between Rou-
qiang and Huatugou. They had installed a 500-km-long GPS array across the fault
zone in 1994; these GPS stations were remeasured in 1998, and yielded a slip
rate of 18 5 5 mm/yr across the Altyn Tagh fault.

Within a time span of a few thousand to a few tens of thousands of years, the
minimum Quaternary slip rate along the fault is ;5 mm/yr based on mapping
and 14C dating of offset geomorphic features (CSBS 1992). Assuming that dep-
osition of large alluvial fans in the Altyn Tagh region was related to the end of
the last Ice Age, Peltzer et al (1989) suggested that the Holocene slip rate on the
fault was ;20–30 mm/yr. A branch of the easternmost segment of the Altyn Tagh
fault system was investigated by Meyer et al (1996, 1998), who suggest a mini-
mum slip rate of ;4 mm/year in the Holocene. A branch of the western Altyn
Tagh fault system makes a sharp turn from its east-northeast strike to a west-
northwest strike along the Karakash valley in the western Kunlun Shan. This
segment of the Altyn Tagh fault, commonly referred to as the Karakash fault
(Matte et al 1996), offsets a sequence of Quaternary alluvial fans. Age determi-
nation of these offset fans using the cosmogenic dating method yields a slip rate
along the Karakash fault of ;30 mm/yr (Ryerson et al 1999). This rate is signifi-
cantly greater than those estimated across the central and eastern portions of the
Altyn Tagh fault from the GPS studies.

Translation and Rotation along the Altyn Tagh System The Altyn Tagh fault
system is an association of kinematically related faults and folds that are distrib-
uted in a broad zone and have together accommodated overall left-slip simple
shear deformation (Figure 2). This broad definition allows us to address the ques-
tion of how translation (fault slip) and rotation (non-coaxial deformation) may
have contributed to the overall left-slip deformation across this fault zone during
the Indo-Asian collision.

(1) Fault Slip. Estimating the magnitude of fault slip along a major strike-slip
fault requires determination of piercing points (Crowell 1962; Sylvester 1988)
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and establishment of paleogeographic reconstruction domains (Powell 1993)
across the fault. Speculations on the total left slip along the Altyn Tagh fault vary
significantly from (a) ;1200 km on the basis of matching Paleozoic suture zones
in the Qilian Shan with that in the western Kunlun Shan (Figure 2) (CSBS 1992);
(b) ;550 km by matching late Paleozoic magmatic belts in the western and
eastern Kunlun Shan across the fault (Peltzer & Tapponnier 1988); and (c) ;200
km based on inferences from the measured Pliocene-Quaternary slip rate and
duration of fault movement along the Altyn Tagh fault (Burchfiel & Royden
1991). It is important to note that the offset markers used in some of these infer-
ences are broad tectonic features (plutonic belts, suture zones) that have poor
spatial definition for their margins, rendering high uncertainties. In addition,
because the offset markers formed in the Paleozoic, it is difficult to determine
whether the offset of the geologic features occurred in the Paleozoic and Meso-
zoic, or in the Cenozoic during the Indo-Asian collision. In contrast to the cor-
relation of broad geologic features, detailed geologic mapping along the eastern
segment of the Altyn Tagh fault conducted recently revealed a piercing point that
constrains a fraction of the total slip along the eastern Altyn Tagh fault (east of
Rouqiang). This piercing point is defined by a pair of oppositely dipping Cenozoic
thrusts that have moved toward one another (Yin et al 1999b). They are present
in the Jinyang-Suekuli Shan north of the fault and the Donghe/Yema Nan Shan
south of the fault ;280 km to the east (Figure 2). In both areas, overturned ductile
nappes involving late Proterozoic strata in their hanging walls are juxtaposed by
Tertiary thrusts with a Tertiary foreland basin in their common footwall. The
Tertiary strata consist of gypsum-bearing red beds, and are of Late Eocene-
Oligocene in age based on the presence of freshwater ostracods (Xinjiang BGMR
1989). We infer that the Cenozoic thrusting in both areas occurred in the late
Eocene-Oligocene (;40–32 Ma), synchronous with deposition of the footwall
foreland basin. This correlation yields an estimated left slip of ;280 5 30 km
along the eastern segment of the Altyn Tagh fault since the early Oligocene, and
an average slip rate of ;7–9 mm/yr assuming that the offset of the Tertiary basin
and the two thrusts occurred immediately after the development of the basin.

The fact that Cenozoic thrusts are offset by the Altyn Tagh fault indicates that
an older Altyn Tagh fault must have existed before the development of the cur-
rently active fault strand. This older fault must lie north of the currently active
fault, and bound the inactive thrust system in the Jinyan-Suekuli Shan to the south
and the undeformed Tarim basin to the north. As suggested by Cowgill et al
(1997, 1999), this inferred older Altyn Tagh fault may be the Checheng fault that
is imaged by subsurface seismic data (Jia et al 1991, Jia 1997). The amount of
shortening in the Jinyan-Suekuli Shan, ;60–100 km (A Yin & G Gehrels, unpub-
lished mapping) requires that the older and inactive Altyn Tagh fault has an
accumulative left slip of equivalent amount.

The estimated ;280 5 30 km left slip along the eastern Altyn Tagh fault
yields a value for the the minimum amount of north-south shortening absorbed
by the Nan Shan thrust belt in the Cenozoic of ;280 km. When adding the
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80 5 20 km shortening recorded in the Jinyan-Suekuli Shan before the devel-
opment of the currently active Altyn Tagh fault, the total minimum estimate of
north-south shortening accommodated by the Nan Shan thrust belt in the Cenozoic
is on the order of 360 5 50 km.

Geology in the western and eastern Kunlun Shan are remarkably similar. Both
areas experienced two episodes of arc magmatism in the Ordovician and Late
Permian-Triassic, with an interruption between the Late Carboniferous and the
Early Permian, possibly caused by a rifting event along their southern margins
(Figure 2). This similarity in geologic history supports the speculation that the
western segment of the Altyn Tagh fault has a total slip of ;550 km (Peltzer &
Tapponnier 1988). This estimate is significantly different from that of ;280 km
along the eastern segment of the Altyn Tagh fault north of the Qimen Tagh thrust,
and implies that about 270 km of north-south shortening has been accommodated
by structures between the Danghe Nan Shan (the southernmost range of the Nan
Shan) and the Qimen Tagh. The obvious structural candidate to have absorbed
this amount of shortening is the Qimen Tagh thrust (Figure 2).

(2) Rotation. Rotational tectonics along a strike-slip fault system is a familiar
expression of simple-shear deformation in a zone of continental deformation. In
the San Andreas fault system, this process has been accommodated by rotation
of crustal blocks about vertical axes (Luyendyk et al 1985, Luyendyk 1989).
Consideration of transrotational tectonics by Dickinson (1996), in conjunction
with transtensional tectonics in the Basin and Range (Dickinson & Wernicke
1997), helped reconcile the long-noted disparate estimates of San Andreas trans-
form motion made by summing fault offsets on land and the global analysis of
sea-floor magnetic anomalies.

The possible role of transrotation in the left-slip Altyn Tagh fault zone is
indicated on the existing Chinese geologic maps along the fault (e.g. Liu 1988)
(Figure 2). Several possible oroclinal folds, which bend for nearly 908, appear to
exist south of the Altyn Tagh fault. Because rock units as young as Eocene are
involved in this oroclinal bending, it is likely that the folds were developed during
movement along the Altyn Tagh fault in the Cenozoic. Straightening these oro-
clines along their regional NW-strike would require an additional ;110–130 km
left-slip simple shear across a ;100-km-wide zone (Figure 2). An alternative to
the oroclinal interpretation is that the apparent pattern of oroclinal bending was
produced by an oblique thrust-ramp geometry, which requires no rotation about
vertical axes (Figure 6).

(3) Rotation of the Altyn Tagh fault. Despite repeated suggestions about the
rotation of major tectonic blocks and their bounding faults in Asia (e.g. Davy &
Cobbold 1988), it has remained unclear whether the Altyn Tagh fault itself had
been rotated during the Indian-Asian collision. Paleomagnetic analysis of samples
from Eocene–Early Oligocene strata along the Altyn Tagh fault (Rumelhart 1998,
Rumelhart et al 1999) shows that the fault has not been rotated more than 88 since
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the Early Oligocene (;35 Ma, see Rumelhart 1998). Given the range of uncer-
tainty of this study (578), it is most likely that the fault has not rotated at all, an
inference consistent with the results from Chen et al (1993) who showed that
Tarim, which is the northern bounding block of the Altyn Tagh fault, has rotated
no more than 78 since the late Cretaceous.

Lithospheric Structure of the Altyn Tagh Fault The Altyn Tagh fault may be
either a crustal-scale transfer fault (Burchfiel et al 1989b) or a lithospheric-scale
thrust (Deng 1989, Arnaud et al 1992). The mode of deformation has also been
proposed to be decoupled vertically with strike-slip faulting in the upper crustal
level (Burchfiel et al 1989b) and shortening in the mantle lithosphere (Willett &
Beaumont 1994). Teleseismic experiments across the central Altyn Tagh fault
between Ruoqiang and Mangya reveal a low P-wave velocity anomaly directly
below the Altyn Tagh fault down to ;140 km (Wittlinger et al 1998). Quaternary
basaltic eruption along the trace of the western Altyn Tagh fault in the Ashiko
basin, a small pull-apart structure (CSBS 1992), and near Pulu (Liu 1988, Deng
1998) (Figure 2) shows that the western Altyn Tagh fault cuts the lithosphere and
has served as a conduit to tap basaltic magma from the upper mantle to the surface.
The lack of Quaternary basaltic eruption along the eastern segment of the Altyn
Tagh fault east of Qiemo may indicate that in that region the fault is a crustal
scale structure, as suggested by Burchfiel et al (1989b).

Western Kunlun Thrust Belt The Tarim block is thought to have been sub-
ducted southward beneath the western Kunlun for at least 80 km in the Cenozoic
(Lyon-Caen & Molnar 1984), creating the north-directed western Kunlun thrust
belt (Figure 2). Together with the active left-slip Karakash fault, the western
Kunlun thrust belt defines the western termination of the Altyn Tagh fault system
(Burchfiel et al 1989b; Figure 2). Geologic mapping in the eastern part of the
western Kunlun thrust belt (Cowgill et al 1998) and subsurface data from the
southwest Tarim basin (Jia 1997) indicate north-south shortening across the east-
ern part of the thrust belt of between 50 and 100 km. This magnitude appears to
increase westward based on paleomagnetic studies. The western Kunlun Shan has
experienced more than 208 of clockwise rotation about a vertical axis since the
early Oligocene (Rumelhart et al 1999). The pivotal point for the western Kunlun
Shan rotation may have been located at its eastern end near Pulu (Figure 2). If
this is the case, a simple geometric relationship may be used to estimate the
minimum amount of crustal shortening predicted in the western Kunlun thrust
belt, assuming that Tarim has not rotated (Chen et al 1992); this yields a minimum
north-south shortening since the early Oligocene—about 85 5 43 km in the
eastern part and about 187 5 84 in the central part of the western Kunlun thrust
belt (Rumelhart et al 1999).

The clockwise vertical-axis rotation of the western Kunlun Shan may have
been caused by northward indentation of the Pamir (Figure 5). This rotation is in
mirror image to the counterclockwise vertical-axis rotation in the western Pamir
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(Bazhenov et al 1994). The detected rotation in the western Kunlun Shan may
also explain the occurrence of left-slip motion along the Karakorum fault, which
is south of and subparallel to the western Kunlun thrust belt (Figures 1 and 5).
The Karakorum fault, bounding the western Kunlun Shan to the north and the
combined Tianshuihai-Karakorum block to the south, may have been an accom-
modation zone for the clockwise rotation of the two blocks.

The age of initiation of the western Kunlun thrust belt is best constrained by
a recent study on the biostratigraphy, magnetostratigraphy, and sedimentology of
its Tertiary foreland basin (Rumelhart 1998). This study shows that the thrust belt
began developing before the early Oligocene, a time that is marked by a drastic
increase in sedimentation rate and input of coarse clastic sediments into the basin.

If the 550-km offset of the eastern and western Kunlun arcs by the Altyn Tagh
fault occurred in the Cenozoic (Peltzer & Tapponnier 1988), then the western
Kunlun thrust belt at the western termination of the Altyn Tagh fault system
cannot be the structure that absorbed this offset, because the two arcs are both on
the same side of the Altyn Tagh fault (Figure 2). A termination structure must lie
south of the offset arc in the western Kunlun Shan. There are three possible ways
to explain the offset. First, the arc is offset by the left-slip Karakash fault, which
is the southwestern extension of the Altyn Tagh fault. If this is the case, then a
structure that terminates the Karakash fault farther to the west is required. Judging
from the existing geologic map of the region (Liu 1988), the Karakash fault links
in the west with a thrust that bounds a Tertiary basin. The magnitude of shortening
along that thrust appears to be small, because the extent of the Tertiary basin
along the strike of the fault is rather short, less than 70 km long (Figure 2). Such
a short length of thrust would not have been able to have accommodated the
hundreds of kilometers of shortening required by the offset of the Kunlun arcs.
A comparison may be made with the Lewis thrust, in the southern Canadian
Rockies and northwestern Montana of the United States, which has a length of
;500 km and a maximum displacement of about 200 km (Price 1981).

Alternatively, the offset of the Kunlun arcs by the Altyn Tagh fault was
absorbed by a major north-dipping thrust system in the southern part of the west-
ern Kunlun Shan, south of the western Kunlun arc (Figure 5). Recent deep seismic
reflection studies across the foreland of the western Kunlun thrust belt (Figure 2)
suggest that a major sequence of north-dipping reflectors are present immediately
north of the northern edge of the western Kunlun Shan (Gao et al 1999a). These
reflectors can extend to a depth of ;100 km, and appear to truncate south-dipping
reflectors representing the south-dipping subduction of the Tarim block. Because
the south-dipping reflectors should reflect the Cenozoic movement of Tarim
beneath the western Kunlun, the cross-cutting relationship suggests that the north-
dipping reflectors, younger than the south-dipping reflectors, should also be Ceno-
zoic in age. When the north-dipping reflectors are extended upward, the top of
the sequence is projected to lie approximately along the active trace of the Karak-
ash fault. This geometrical relationship may be interpreted in two ways: (a) the
Karakash fault changes its attitude from nearly vertical at the surface to a shallow
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angle dipping to the north, or (b) the north-dipping reflectors represent the
expected north-dipping Tertiary thrust system that has absorbed some 500 km of
offset along the Altyn Tagh fault (Figure 5). A surface expression of the inferred
north-dipping thrust system in the southern part of the western Kunlun Shan is
the thrust near Tianshuihai, in which Silurian metamorphic rocks are thrust over
late Cretaceous strata (Figures 2 and 3).

The last possibility is that the Kunlun arc is not offset significantly by the
Altyn Tagh fault and has a slip of 200–300 km rather than ;550 km. Instead, it
has been oroclinally bent into its current configuration (Figure 6). This large scale
bending of the Kunlun arc is consistent with the presence of several apparently
large oroclines south of the Qaidam basin (Figure 2).

Nan Shan Thrust Belt The Cenozoic Nan Shan thrust belt marks the eastern
termination of the Altyn Tagh fault system (Figure 2). Although some 340 km of
north-south shortening can be inferred to have occurred in the Cenozoic across
the thrust belt, based on the amount of left slip along the eastern Altyn Tagh fault
(Figure 2), an independent estimate of the total amount of crustal shortening has
not been obtained. This is partially because the thrust belt is superposed on several
early suture systems, which had resulted in complex structural and lithostrati-
graphic relationships prior to the Cenozoic deformation (Figure 4).

The age of initiation of the Nan Shan thrust belt dates the onset of Altyn Tagh
fault movement in the region, because the two are kinematically linked. Mag-
netostratigraphic analysis, apatite fission-track cooling ages of clasts, and the
biostratigraphy of Tertiary foreland sediments in the Subei area suggest that these
Tertiary sediments are at least as old as the Middle Oligocene (Wang 1997,
Rumelhart 1998). Sedimentologic studies of the Subei Tertiary strata indicate that
they were deposited in a foreland basin, with clasts coming from the emerging
topographic high of a thrust hanging wall to the south (Rumelhart 1998). This
result suggests not only that the Nan Shan thrust belt has been in existence since
the Oligocene, but that the Altyn Tagh fault also reached the Nan Shan region at
that time. This is consistent with the Late Eocene-Early Oligocene piercing point
being offset by the presently active strand of the Altyn Tagh fault (Figures 2 and
5). The Nan Shan thrust belt could have started to deform in the early Paleocene,
because Paleocene-Eocene red beds are widely distributed in the northeastern
Qilian Shan north and south of Xining (Qinghai BGMR 1991). This would imply
that the Altyn Tagh fault, the transfer fault system for the thrust belt, had devel-
oped in the northernmost part of the Tibetan plateau at the very beginning of the
Indo-Asian collision. Thus, the Nan Shan thrust belt cannot be the result of north-
ward propagation of the plateau development in the past few million years, as
some researchers have speculated (e.g. Meyer et al 1998).

Eastern Tibet

Eastern Tibet is traditionally interpreted as being part of the broad accommodation
zone (;700 km wide), which has absorbed deformation induced by the inden-
tation of India into Asia (Dewey et al 1989). It lies between the main part of the
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Tibetan plateau, east of longitude 958E, north of the Himalaya, and west of South
China, and is dominated by complex systems of Cenozoic strike-slip and dip-slip
faults (Figure 2). From east to west and from north to south, these faults are the
Longmen Shan thrust belt, the Xiangshuihe-Xiaojiang fault system, the Jiali-
Gaoligong fault system, and the Ailao Shan–Red River fault system (Wang et al
1998). The deformation in the region has been accommodated by three mecha-
nisms: (a) southeastward extrusion of the Indochina block (Peltzer & Tapponnier
1988, Leloup et al 1995), (b) block rotation (Davy & Cobbold 1988, Royden et
al 1997), and (c) internal deformation (Wang & Burchfiel 1997, Wang et al 1998).
How the three components of deformation are quantitatively partitioned remains
uncertain, however.

Extrusion Extrusion of the Indochina block during the Indo-Asian collision has
long been speculated about on the basis of analogue modeling (Tapponnier et al
1982). The model requires a conjugate set of strike-slip faults that are operating
simultaneously to assist the movement of large continental blocks. It is clear now
that the currently active right-slip Red River fault was a left-slip fault earlier in
the history of the Indo-Asian collision. The Red River fault can be traced from
southeastern Tibet through Yunnan to the South China Sea (Tapponnier & Molnar
1977, Allen et al 1984, Leloup et al 1995, Wang & Burchfiel 1997, Wang et al
1998). The active fault follows the northeastern edges of narrow gneissic belts
that extend from the Dan Nuy Con Voi range in Vietnam through the Ailao Shan
and Diancang Shan massifs in Yunnan, and can be traced to the Xuelong Shan
near the border of Tibet (Tapponnier et al 1990). Although the Red River fault
was interpreted as a pure right-slip fault that occurred throughout the Cenozoic
(e.g. Dewey et al 1989), field investigations show that the semi-continuous meta-
morphic belt directly south of the active Red River fault represents the ductile
portion of a major mid-Tertiary left-slip fault zone, known as the Ailao Shan
shear zone (Leloup et al 1995).

In the gneissic cores along the Ailao Shan shear zone, most rock types are
mylonitic; the foliation is generally steep and parallel to the strike of the shear
zone, and stretching lineations are subhorizontal (Leloup et al 1995). There is
abundant evidence of non-coaxial deformation and kinematic indicators demon-
strating a left-lateral sense of shear (Leloup et al 1995, Wang et al 1998). U-Pb
ages of accessory minerals from late syntectonic leucogranites parallel to the
foliation and affected by left-lateral shears—inferred to date the late increments
of left-lateral shear—cluster between 23 and 24 Ma (Leloup et al 1995).

Apparent left-lateral offset of geologic features on each side of the Red River
shear zone varies between 300 and 740 km (Leloup et al 1995). The opening
kinematics of the South China Sea, deduced from magnetic anomalies (Briais et
al 1993), are compatible with a left-slip movement (with a slightly oblique com-
ponent) of 540 km between 32 and 17 Ma (i.e. a slip rate of ;4 cm/yr); this
suggests that the South China sea is a pull-apart basin at the southeast termination
of the fault zone. 40Ar/39Ar thermochronometry within the Ailao Shan yields a
pattern of cooling ages consistent with the diachronous initiation of transtensional
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faulting, which propagated along the Ailao Shan shear zone at a rate of ;4 cm/
yr between 25 and 17 Ma (Harrison et al 1996). These results are consistent with
predictions of fault kinematics based on the South China Sea magnetic anomalies
(Briais et al 1993). The sense of motion on the Red River fault reversed at about
5 Ma (Leloup et al 1993, Harrison et al 1996), and became right-slip with normal
throw in places.

The conjugate shear system to the left-slip Ailao shear zone consists of the
right-slip Gaoligong shear zone in the east and the right-slip Sagaing fault to the
west (Figure 2). The Gaoligong shear zone is marked by a 2–5 km thick zone of
mylonitic gneisses. K-Ar and 40Ar/39Ar dates of muscovite and biotites from the
mylonitic shear zone yield cooling ages between 11 and 24 Ma, which are inter-
preted as representing the duration of fault movement along the Gaoligong shear
zone. The age range overlaps the duration of motion along the Ailao Shan
shear zone (Leloup et al 1995). However, the magnitude of right slip along the
shear zone is unknown.

Internal Deformation The observations just described are consistent with the
hypothesis that extrusion of Indochina from southern Asia during the middle
Cenozoic accommodated a significant portion of the Indo-Asian convergence dur-
ing the mid-Tertiary (Tapponnier et al 1982). However, debate has been centered
on whether (a) the extrusion tectonics have been largely accomplished by rigid
block motion (Leloup et al 1995), so that simple rigid block kinematic models
(Avouac & Tapponnier 1993) can be applied to describe the fault motions, or (b)
extrusion has been associated with distributed deformation (Burchfiel et al 1995,
Arne et al 1997, Wang & Burchfiel 1997), in which case strike-slip faults are
transfer structures with variable slip along their strikes. It is clear that Tertiary
deformation has occurred within the Indochina block south of the Ailao Shan
shear zone. For example, the Wuling thrust belt in the middle Cenozoic Simo
fold belt, directly south of the Ailao Shan shear zone, has accommodated some
50–60 km of shortening perpendicular to that zone (Wang & Burchfiel 1997)
(Figure 2). However, the total magnitude of deformation within Indochina is
highly uncertain, which makes the comparison of rigid block motion versus inter-
nal deformation difficult.

Rotation Field studies (Ratschbacher et al 1996, Wang & Burchfiel 1997, Wang
et al 1998), paleomagnetic analysis (Huang & Opdyke 1993, Huang et al 1992,
Chen et al 1995), and GPS surveys (King et al 1997) all show that eastern Tibet
rotated clockwise around the eastern Himalayan syntaxis during the Cenozoic.
The cumulative rotation in the Cenozoic is greater than 608 (Huang & Opdyke
1993, Huang et al 1992). If these results are regionally significant, they imply
that the Ailao Shan shear zone has been rotated more than 148 required by both
the extrusion model and the opening of the South China sea (Leloup et al 1995),
as pointed out by Wang & Burchfiel (1997). Royden (1996) and Royden et al
(1997) interpreted the rotation around the eastern Himalayan syntaxis as a result
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of continental convergence where the lower crust is weak, allowing decoupling
of upper crustal motions from those of the lower crust and the mantle.

Late Cenozoic North-South Trending Rifts in the
Himalayan-Tibetan Orogen

Geologic Setting Since the initial recognition of active north-south trending rifts
in Tibet (Tapponnier & Molnar 1977, Molnar & Tapponnier 1978, Ni & York
1978), our knowledge of these structures has greatly improved because of (a)
several detailed field investigations (Tapponnier et al 1981; Armijo et al 1986,
1989; Mercier et al 1987; Burchfiel et al 1991; Yin et al 1999c), and (b) improved
quality of Landsat imagery (Rothery & Drury 1984), as well as availability of
seismic reflection and refraction data across some parts of the north-south trending
rift valleys in southern Tibet (Cogan et al 1998). Because the age of initiation of
east-west extension in Tibet has been argued to represent the time when the
plateau reached its present elevation (Molnar & Tapponnier 1978, England &
Houseman 1989), which in turn may have been related to the intensification of
the Asian monsoon (e.g. Harrison et al 1992, Molnar et al 1993), several efforts
have been made to constrain the timing of extension in Tibet and the Himalaya.
In the Nyainquentanghla region of southeast Tibet, the onset of east-west exten-
sion is constrained to be 8 5 1 Ma (Harrison et al 1995b). An upper bound on
the initiation of the Yadong-Gulu rift—the largest of the north-south trending
graben—is constrained by the fact that the rift cuts the South Tibetan Detachment
System, which was active until at least 12 Ma (Edwards & Harrison 1997, Wu
et al 1998).

The age of minor extension in southernmost Tibet near Xigaze (Figures 1 and
2) was estimated by dating a north-south trending dike swarm, which was
emplaced at 18 5 1 Ma (Yin et al 1994). These dikes predate a major thrust
system, the south-dipping Renbu-Zedong thrust that was active between 18 and
10 Ma (Quidelleur et al 1997). This cross-cutting relationship suggests that the
stress condition for dike emplacement may be significantly different from that
required for the formation of north-south trending Tibetan rifts, because the rifts
postdate the Renbu-Zedong thrust and have not been cut by any contractional
structures since their initiation. It is argued that farther to the south in the Him-
alaya, east-west extension started at or before ;14 Ma (Coleman & Hodges
1995). Again, such an event would predate crustal thickening produced by the
Great Counter Thrust in southernmost Tibet and northern Himalaya (Yin et al
1994, 1999c). Therefore, dike emplacement in the Himalaya and Tibet should be
distinguished from the initiation of the regionally extensive north-south Tibetan
rifts.

In contrast to our knowledge about east-west extension in southern Tibet, stud-
ies of north Tibetan rifts have been mostly based on fault-plane solutions of
earthquakes and interpretations of Landsat images (Molnar & Lyon-Caen 1989,
Rothery & Drury 1984, Armijo et al 1986). Because of the lack of surface geo-
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logical investigations, the geometry, timing, and magnitude of Cenozoic rifting
in northern Tibet are poorly constrained. One exception comes from recent geo-
logic mapping conducted in north-central Tibet, in the Gangma Co and Shuang
Hu regions (Figure 7); this mapping documented the presence of major north-
south striking active normal fault systems with 4–8 km displacements (Yin et al
1999c). In addition, kinematic analysis conducted by Blisniuk et al (1998) on
active faults south of Shuang Hu suggest that northeast-striking faults in the
region are left-slip faults, and are linked to north-south trending normal faults
(Figure 7).

Modeling degradation of a normal fault scarp (e.g. Avouac 1993) in the Shuang
Hu region yields a minimum estimate of slip rate of ;2 mm/yr (Yin et al 1999c).
With the assumption of a constant slip rate, the total displacement across the
Shuang Hu fault of ;6–8 km implies that the onset of the normal fault system
began at about 3–4 Ma. This age estimate is significantly younger than the ini-
tiation age of 8 5 1 Ma for the Nyainqentanghla fault. It is also much younger
than the beginning of Cenozoic igneous activity in central Tibet at ;35 Ma
(Chung et al 1998, Deng 1998). An asynchronous relationship between the ini-
tiation of rifts and igneous activity is also observed in southern Tibet, where the
emplacement of the 18 Ma dikes (Yin et al 1994) occurred about 10 m.y. earlier
than rift initiation (Harrison et al 1995b). In both southern and central Tibet,
igneous activity and rifting do not overlap spatially (Figure 1). The preceding
relationships indicate that igneous activity in Tibet is unrelated to the initiation
of rifting, and bears no implications for the timing of the Tibetan plateau reaching
its present elevation.

Mechanisms for the Formation of Tibetan Rifts An analysis of high-resolution,
digital topography across north-south trending rifts in Tibet yielded an average
effective elastic thickness for the Tibetan upper crust of ;6–7 km (Masek et al
1994), which implies that Tibetan east-west extension is an upper crustal process.
This idea was recently advocated by Nelson et al (1996) and Cogan et al (1998),
based on seismic reflection studies across southern Tibet.

The mantle lithosphere is clearly involved with east-west extension beneath
Tibet and the Himalaya (Chen & Kao 1996), however, implying that deformation
between the upper crust and the upper mantle may have been coupled. This mode
of deformation is similar to that of the formation and development of the Baikal
rift and Shanxi graben in central Asia: Both have involved the mantle lithosphere
and exhibit localized extension (Deverchere et al 1991, Rupple et al 1993, Gao
et al 1994, van der Beek 1997, Delvaux et al 1997, Wang et al 1996). Rifts in
Tibet and in north-central Asia not only share the same mode of extension, they
were also initiated broadly at about the same time during the Late Miocene and
earliest Pliocene (i.e. 8–5 Ma; Delvaux et al 1997, Wang et al 1996). The simi-
larities in the mode of extension, the direction of extension, and timing of initial
extension strongly suggest that rifts in Tibet and those in North China and south-
east Siberia have shared the same origin. In particular, the overall Late Miocene–
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Early Pliocene east-west extension in eastern Asia may have been triggered and
possibly sustained by a protracted back arc extensional process related to large-
scale mantle flow beneath Asia (Yin & Kong 1997, Yin 1999).

Relationship to Strike-Slip Faults The Karakorum-Jiali fault zone (Figure 7) is
variably inferred as being the result of eastward extrusion of northern Tibet
(Armijo et al 1986, 1989) or oblique convergence between India and Tibet
(McCaffrey & Nabelek 1998). Alternatively, the Karakorum-Jiali fault zone may
be explained as an accommodation zone that transfers east-west extension from
more widely spaced rifts in the south to the more closely spaced rifts in the north
(Yin 1999). This mechanism may also apply to the relationship between the left-
slip Kunlun fault and north-south trending rifts in central Tibet. The latter inter-
pretation implies that the major east-west trending strike-slip faults in central
Tibet are transfer zones, linking north-south trending extensional systems. The
presence of these transfer structures does not require eastward extrusion of dis-
crete individual blocks such as north Tibet between the Kunlun and the Kara-
korum faults (Armijo et al 1986). Instead, the strike-slip faults may have
facilitated more distributed eastward expansion of the Tibetan plateau (Yin et al
1999c).

SYN-COLLISIONAL IGNEOUS ACTIVITIES

Himalayan Leucogranites and Their Significance in
Collisional Tectonics

An apparently unique feature of the Himalayan range is the presence of two
roughly parallel granite belts—the High Himalayan leucogranites (HHL) and the
North Himalayan granites (NHG) (Figure 2). The High Himalayan leucogranites
form a discontinuous chain of sills and granite pods exposed on either side of the
South Tibetan Detachment System (Figure 2). Magmatic temperatures have been
estimated at ca. 700–7508C (Montel 1993). The North Himalayan granite belt
runs parallel to, and ;80 km to the north of, the High Himalaya, and is composed
of about one and a half dozen generally elliptical plutons (Figure 2). Exposed
plutons of the northern belt appear mainly to have been intruded at relatively
shallow depths into the Tethyan cover rocks and well above the South Tibetan
Detachment System (Le Fort 1986).

Plutons from the High Himalayan leucogranite belt vary in crystallization age
from 24.0 to 17.2 Ma, but most of the large granite bodies composing the majority
of the leucogranite were emplaced during two pulses at 23 5 1 Ma and 19 5 1
Ma (Harrison et al 1998b). Crystallization ages for granites assigned to the North
Himalayan belt range from 17.6 to 9.5 Ma (Harrison et al 1998b). Note, however,
that classifying Himalayan granites into two discrete belts may be misleading in
that temporally contiguous, northward-propagating melting (Harrison et al 1997b)
could produce spatially discontinuous patterns as a result of variable exposure.
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The juxtaposition of the Greater Himalaya and Lesser Himalaya across the
Main Central Thrust is associated, at most locations in the Himalaya, with an
increase in metamorphic grade at higher structural levels (i.e. shallower depths).
Thermobarometric studies of the Greater Himalaya indicate a general decrease in
pressure and temperature with increasing distance above the Main Central Thrust.
Typically, pressures of 7–8 kbar were achieved adjacent to the thrust (kyanite
grade), whereas peak pressures at the structurally highest levels were only about
3–4 kbar (sillimanite grade) (Harrison et al 1999b). Metamorphism within the
Lesser Himalaya typically increases from chlorite to kyanite grade over a north-
south distance of ;20 km. The region approximately bounded by the garnet
isograd in the Lesser Himalaya and the hanging wall gneisses of the Greater
Himalaya is typically characterized by a highly sheared, typically 4–8 km thick
zone of distributed deformation with a top-to-the-south shear sense, referred to
as the MCT (Main Central Thrust) zone.

The juxtaposition of inverted metamorphic sequences and anatexis with large-
scale faults within the Himalaya has led to the development of numerous models
that assume partial melting and inverted metamorphism are spatially and tem-
porally related. Models have included melting induced by thermal relaxation fol-
lowing nappe emplacement accompanied by fluid influx from the subducting
footwall (e.g. Le Fort 1975); frictional heating during thrusting (e.g. Arita 1983,
England et al 1992, England & Molnar 1993); radioactive heating alone or com-
bined with other sources under prolonged deep crustal residence (e.g. Molnar et
al 1983); and accretion of highly radioactive crust to the Main Central Thrust
hanging wall coupled with high denudation rates (e.g. Royden 1993, Huerta et al
1996). The origin of the North Himalayan granites has not been as closely tied
to the development of Himalayan faulting, but their relative youth has been
ascribed to a low rate of fluid infiltration across the Main Central Thrust (Le Fort
1986) and to heat focusing by thermal refraction off Tethyan metasediments with
low thermal conductivity (Pinet & Jaupart 1987). Other models (e.g. Bird 1978,
Nelson et al 1996) have proposed (a) that thrusting within the Himalaya is caused
by melting, rather than vice versa (i.e. regions of the crust thermally weakened
by melting are the loci of deformation that leads to large-scale faulting), or (b)
that anatexis is due to decompression resulting from slip on the STDS rather than
to thrusting (e.g. Harris & Massey 1994).

The anatexis of the Greater Himalaya need not be restricted to regions imme-
diately below the Main Central Thrust ramp, as proposed by England et al (1992),
because recrystallization of the Main Central Thrust footwall is in fact a Late
Miocene-Pliocene phenomenon and thus was not temporally related to production
of the Early and Middle Miocene Himalayan leucogranites (Harrison et al 1998b).
An alternative explanation (Harrison et al 1998b) is that the spatial and temporal
variations of granite emplacement were the result of continuous slip on a shallow
dipping decollement that cuts through crust that had been previously metamor-
phosed crust during the Eocene-Oligocene Eohimalayan phase (Le Fort 1996) of
the Indo-Asian collision. During this stage, the protolith of the Greater Himalaya
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underwent high-grade metamorphism and anatexis (see Pecher 1989; Hodges et
al 1994, 1996; Parrish & Hodges 1996; Edwards & Harrison 1997; Coleman
1998; Vance & Harris 1999). As a consequence, a stratified paragenetic sequence
was produced, in which dehydration and partial melting reactions caused the
metamorphic grade to increase regularly with depth.

The question of whether Himalayan anatexis could largely reflect decompres-
sion melting resulting from slip on the South Tibetan Detachment System (e.g.
Harris & Massey 1994) was addressed quantitatively by Harrison et al (1999a).
They found that tectonic decompression was problematic for the following rea-
sons: (a) the extremely rapid and large-magnitude denudation required to produce
relatively minor melting in likely source rock compositions, (b) the implausibility
of decompression producing multiple anatectic pulses separated by several mil-
lion years from a common source region, and (c) the lack of definitive timing
constraints linking slip on the normal faults with anatexis.

Syn-Collision Igneous Activities in Tibet North of the
Indus-Yalu Suture

If collision between India and Asia was initiated in the latest Cretaceous and
earliest Tertiary around 70–65 Ma, then igneous activity in the Himalaya and
Tibet after this time should be regarded as post-collisional. This means that the
distribution of post-collisional igneous rocks covers nearly the entire Himalayan-
Tibetan orogen (Figure 1).

In southern Tibet, between the Indus-Yalu and the Bangong-Nujiang suture
zone, the Paleogene Linzizong volcanic sequence and its associated youngest
phases of the Gangdese plutons form an east-west linear belt along the southern
margin of the Lhasa terrane (Liu 1988, Yin et al 1988, Pierce & Mei 1988, Coulon
et al 1986) (Figure 1). The Linzizong rocks are dominantly andesites and ignim-
brites that have been dated between 60 and 40 Ma (Coulon et al 1986, Pan 1993).
Their geochemistry is calc-alkaline, characteristic of an Andean continental mar-
gin (Coulon et al 1986, Pierce & Mei 1988). However, distinctively young ages
of potassic calc-alkaline lavas between 15 and 10 Ma have also been reported in
the southern part of the Lhasa terrane, about 100 km west of Lhasa (Coulon et
al 1986). Their occurrence suggests that Andean-type arc magmatism was pro-
duced well after the initial collision and the cessation of the subduction of the
oceanic lithosphere. This observation highlights again the idea that the age of arc
magmatism is not a reliable indicator for when the onset of collision between
India and Asia occurred.

The occurrence of the Linzizong volcanic eruptions may have been related to
the breakoff of the oceanic lithosphere from the Indian continental lithosphere.
Alternatively, the voluminous eruption of the volcanics and associated plutonic
emplacement were triggered by the initial subduction of the Indian continental
shelf, which brought a large quantity of sediments in the mantle. The younger
episodes of calc-alkaline volcanism (Coulon et al 1986) and plutonism (Harrison
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et al 1999b) could have been related to thrusting along the Gangdese thrust and
the younger Main Himalayan Thrust, which carried the sedimentary strata of the
Indian continental shelf farther down into the mantle.

In central Tibet, between the southern margin of the Qaidam basin and the
Bangong-Nujiang suture zone, post-collisional igneous rocks, dominantly vol-
canics and small intrusions, are widely scattered (Deng 1989, 1998; Xie et al
1992; Arnaud et al 1992; Turner et al 1993; Chung et al 1998; Zhang & Zheng
1994) (Figure 7). The igneous rocks can be divided into a highly potassic group
and a calc-alkaline group (Deng 1998). The former generally occupies the north-
ern part of central Tibet, whereas the latter is distributed farther to the south (Deng
1998). The age of the high-potassic volcanic rocks ranges from ;60 Ma to ,1
Ma (Turner et al 1993, Chung et al 1998, Deng 1998). The age of the calc-alkaline
volcanics, determined by the K-Ar method, ranges from 29 to 20 Ma (Deng 1989).

Highly potassic volcanism in central Tibet started between 40 Ma and 60 Ma,
and lasted until the late Quaternary (Chung et al 1998, Deng 1998). For such a
wide range of ages, it is difficult to relate the genesis of volcanism to a sudden
tectonic process such as convective removal of the mantle lithosphere (Turner et
al 1993). Instead, it is possible that the northern Tibetan lower crust, which is
largely made up of Triassic melange, was subducted to mantle depths during
thrusting along the Fenghuo Shan-Nangqian fold and thrust belt, and along the
Qimen Tagh-North Kunlun thrust system (Figure 3). The 20–40 Ma calc-alkaline
igneous rocks in the central Qiangtang may be related to subduction of the Lhasa
terrane beneath Qiangtang (Figures 3 and 7).

The young highly potassic volcanic rocks erupted in the past 20 Ma are dis-
tributed along the Altyn Tagh and Kunlun faults (Figure 1). The emplacement of
these rocks could have been related to local pull-apart basins (Yin & Nie 1996),
although the inferred small fractional melting of mantle lithosphere (Arnaud et
al 1992) could also have been related to the addition of water-rich minerals into
the upper mantle by Tertiary underthrusting of the Songpan-Ganzi-Hoh Xil flysch
complex and the melange basement of Qiangtang (Figure 3). The model shown
in Figure 3 is different from that of Arnaud et al (1992), Willett & Beaumont
(1994), and Jin et al (1996), who suggest that Tarim—not the tectonic blocks
within the Tibetan plateau—was subducted beneath Tibet in the Cenozoic. There
are several arguments against that suggestion. First, no substantial foreland basin
deposits were developed along the entire length of the Altyn Tagh fault at the
southern edge of Tarim, which is in contact with Tibet (Li et al 1996). Second,
if the highly potassic volcanism in northern Tibet was induced by the subduction
of Tarim, then the Pulu basalts (Figure 2) lie directly along the trace of subduction.
This geometry is incompatible with the subduction of Tarim as a cause for the
volcanism. The mixed old (;35 Ma) and young (20–0 Ma) ages of volcanism in
northern areas of central Tibet preclude a proposed northward younging of vol-
canism related to a northward propagation of the Tibetan plateau uplift (Matte et
al 1996, Meyer et al 1998). However, the wide age distribution of syn-collisional
volcanism in Tibet does not preclude the possibility of viscous heating in the
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upper mantle during the development of the Cenozoic Himalayan-Tibetan orogen
(Kincaid & Silver 1996).

DEFORMATION OF THE DEEP CRUST AND THE
UPPER MANTLE IN THE HIMALAYAN-TIBETAN
OROGEN

Establishing the three-dimensional geometry of crustal and lithospheric structures
is a key to understanding the evolution of the Himalayan-Tibetan orogen.
Although the broad characteristics of crustal and upper mantle seismic velocity
distribution for the Himalaya and Tibet have been constrained by many regional
studies, using seismic stations mostly outside the Tibetan plateau (Liu et al 1990,
Bourjot & Romanowics 1992, Curtis & Woodhouse 1997, Curtis et al 1998, Griot
et al 1998), the poor spatial resolution of these studies prevents them from being
linked to specific structures within the region. Since the early 1990s, several
experiments have been conducted using seismological arrays across central and
southern Tibet; these experiments provided new constraints on regional phase
propagation in the crust and the mantle (McNamara et al 1994), shear wave
anisotropy of the upper mantle (McNamara et al 1994, 1995; Herquell et al 1995;
Hirn et al 1995; Guilbert et al 1996; Lave et al 1996; Sandvol et al 1997), and
deep crustal and lithospheric structures across the Himalaya and southern Tibet
(Nelson et al 1996, Owens and Zandt 1997, Yuan et al 1997, Makovsky et al
1996, Alsdorf et al 1998, Hauck et al 1998). In addition to the tomographic study
across the central Altyn Tagh fault (Wittlinger et al 1998), seismic refraction and
reflection investigations have also been carried out in northern Tibet and the
western Kunlun Shan (Gao et al 1999a,b). In the following section, we address
some of the major issues raised by these recent seismologic studies.

Subduction of the Indian Continental Lithosphere
Beneath Tibet

It has long been speculated that the Indian shield may have been underthrust
beneath Asia (Argand 1924, Powell & Conaghan 1973, Ni & Barazangi 1984,
Beghoul et al 1993, Jin et al 1996). This hypothesis contrasts with the models of
wholesale lithospheric thickening (Dewey & Burke 1973, Dewey et al 1988,
Kincaid & Silver 1996) and crustal thickening via lower crustal flows (Zhao &
Morgan 1987, Royden 1996, Royden et al 1997). Using surface wave phase
velocity inversion, Curtis & Woodhouse (1997) suggest that the Indian lithosphere
could have been subducted beneath the entire plateau if its average velocity was
reduced by alteration or if its thickness was only ;85 km. Studies of shear wave
anisotropy in central and southern Tibet (McNamara et al 1994, 1995; Herquell
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et al 1995; Hirn et al 1995; Guilbert et al 1996; Sandvol et al 1997) consistently
show a broad boundary (,100 km wide) within the Qiangtang terrane that sepa-
rates a southern region (with undetectable to weak anisotropy) from a northern
region (with strong anisotropy) as measured by shear wave birefringence. Chen
& Ozalaybey (1998) found that this boundary correlates with a local high Bouguer
gravity anomaly, indicating mass excess at depth. They interpreted the boundary
to mark the northern edge of the subducted Indian mantle lithosphere beneath
Tibet in the central Qiangtang (338N).

Owens & Zandt (1997) suggest that the Indian continental lithosphere was
subducted beneath the Tibetan crust at a low angle, implying that the southern
Tibetan mantle lithosphere was pushed northward below central and northern
Tibet. Their suggestion is based on observation of a high P-wave velocity (7.2–
7.5 km/s) in the lower crust at depths of 60–75 km beneath the Lhasa terrane and
the northernmost part of the Himalaya south of the Indus-Yalu suture. They inter-
pret that velocity as reflecting tectonic underplating of the Indian lower crust onto
the Tibetan crust. However, this high-velocity layer, most likely of mafic or inter-
mediate composition, is located directly below the Gangdese batholith in southern
Tibet, and could have been generated alternatively by magmatic underplating
during the emplacement of the late Cretaceous to early Tertiary plutons by a
process similar to that observed in the Basin and Range province of the western
United States during the Late Cenozoic (Gans et al 1989).

In contrast to the flat subduction model of Owens & Zandt (1997), Kosarev
et al (1998) suggested that the Indian mantle lithosphere plunged into the Tibetan
mantle with a northward dip. This proposal is based on P-to-S converted tele-
seismic waves recorded by temporary broadband networks, and also shows that
the mantle lithosphere of the Qaidam basin may have been subducted southward
beneath central Tibet. The postulated southward subducted mantle lithosphere
beneath the lithosphere in central Tibet exhibits a different form—it is highly
imbricated, in contrast to the more coherent conversion boundary in the south
that is suggested to represent subduction of the Indian mantle lithosphere.

Reflection seismological studies across the Himalaya and southern Tibet have
indicated that major structures in the Himalaya—such as the Main Boundary
Thrust and the Main Central Thrust—all sole into a common decollement, the
Main Himalayan Thrust, which dips at about 78 to the north between 20 km depth
at the crest of the High Himalaya and 40 km depth approximately 70 km south
of the Indus-Yalu suture (Zhao et al 1993). Linear projection of the Main Him-
alayan Thrust northward implies that the Indian crust underthrusts the surface
expression of the Indus-Yalu suture within the Tibetan crust. However, the exact
geometry of the subducted Indian continental crust north of the Indus-Yalu suture
is not well constrained (Nelson et al 1996, Makovsky et al 1996). The minimum
amount of crustal shortening of 330 km across the Himalaya implies that the
Indian mantle lithosphere underthrusts beneath Tibet to at least 328N (Hauck et
al 1998).
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Shear-Wave Anisotropy

Studies of the shear wave anisotropy using different station spacing between 30
and 100 km show remarkably consistent results (McNamara et al 1994, 1995;
Herquell et al 1995; Hirn et al 1995; Guilbert et al 1996; Lave et al 1996; Sandvol
et al 1997). In general, the direction of fast polarization is approximately east-
west to east-northeast–west-southwest between Lhasa and Golmud (Figure 2).
Lave et al (1996) suggest that the anisotropy was induced by shearing within the
asthenosphere as a result of eastward extrusion of the Tibetan lithospheric block,
because the direction of the fast polarization beneath Tibet is similar to the pres-
ent-day direction of motion of the Tibetan crust relative to stable Eurasia. In
contrast, McNamara et al (1994) and Silver (1996) attributed the seismic aniso-
tropy to deformation of the Tibetan mantle lithosphere related to Cenozoic north-
south shortening. This implies that the fabric recorded by seismic anisotropy is a
result of finite strain accumulated over a long geologic interval (Davis et al 1997).
Because the strain path for deformation of the Tibetan lithosphere is unconstrained
(for example, we do not know the initial state of finite strain in the Tibetan mantle
lithosphere prior to the Indo-Asian collision), relating various contributing factors
at different geologic times to the observed total strain always renders non-unique
solutions.

Bright Spots

Seismic bright spots have been widely observed in the southern Tibetan crust at
a depth of about 15 km during the reflection seismological surveys conducted by
Project INDEPTH; these bright spots have been interpreted to indicate the pres-
ence of a partially molten lower crust beneath Tibet (Nelson et al 1996, Brown
et al 1996, Kind et al 1996). This interpretation is disputed by Makovsky &
Klemperer (1999), who performed a systematic modeling of reflection-amplitude
variation with offset. The results of their study indicate that the bright spots in
the Tibetan crust may instead represent the presence of relatively large quantities
of free aqueous fluids. The presence of seismicity at upper mantle depths of 80–
110 km in southern Tibet, near the seismic reflection profiles of Project
INDEPTH, indicates that the upper mantle is cold enough to experience brittle
deformation. An extremely high thermal gradient in the Tibetan crust would be
required to create extensive melts in the Tibetan crust—a situation considered
unlikely by Makovsky & Klemperer (1999).

Low Velocity Zone in Northern Tibet

The crust of northern Tibet in the Songpan-Ganzi-Hoh Xil terrane and the north-
ern part of the Qiangtang terrane appears to have a low S-wave velocity and a
high Poisson’s ratio (McNamara et al 1994, Owens & Zandt 1997). These obser-
vations have been interpreted as indicating that the lower crust of the central
Tibetan region is undergoing partial melting. This interpretation is consistent with
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the observation that Pn velocity is low and Sn waves are absent or inefficiently
transmitted in the upper mantle of central Tibet (McNamara et al 1994). The
Songpan-Ganzi-Hoh Xil terrane consists of thick sections of flysch complexes,
which are mostly pelites deposited in a deep marine setting (Figure 2). These
rocks would significantly lower the seismic velocities and exhibit high Poisson’s
ratio, because they are easily deformable. The high Poisson’s ratio in the northern
Qiangtang terrane could be related to the subduction of the Songpan-Ganzi-Hoh
Xil terrane (Yin et al 1998a, Kapp et al 1999a). Dehydration reactions in the
flysch complex—which may have been underthrust to depths of 60–80 km by
Mesozoic thrusting (Yin et al 1998a, Kapp et al 1999a) and by thrusting along
Cenozoic thrust faults such as the Fenghuo Shan–Nangqian and the Qimen Tagh–
North Kunlun thrust systems (Figures 2 and 3)—may have produced large quan-
tities of free water in the central Tibetan crust. These fluids may have assisted
partial melting in northern Tibet, as expressed by the widespread volcanism (Fig-
ure 7).

SUMMARY

1. Our synthesis shows that at least 1400 km of north-south shortening has been
absorbed by the Himalayan-Tibetan orogen since the onset of the Indo-Asian
collision at about 70 Ma. This amount of shortening is distributed as follows:
.360 km across the Himalaya, .60 km across the Gangdese thrust system,
;250 km along the Shiquanhe-Gaize-Amdo thrust system, .60–80 km across
the Fenghuo Shan-Nangqian fold and thrust belt, ;270 km across the Qimen
Tagh–North Kunlun thrust system, and ;360 km across the Nan Shan thrust
belt. The shortening is expressed in two modes at the surface: (a) discrete
thrust belts with relatively narrow zones of contraction or regional decollement
(e.g. the Main Central Thrust, the Qimen Tagh–North Kunlun thrust system,
and the Shiquanhe-Gaize-Amdo thrust system), and (b) distributed shortening
over a wide region involving basement rocks (the Nan Shan thrust belt and
the western Kunlun thrust system).

2. The crustal shortening, which has led to eventual construction of the Tibetan
plateau, began at the same time in the early Paleocene (.50 Ma) in the Tethyan
Himalaya to the south and in the Nan Shan and Qilian Shan some 1400 km
to the north. This indicates that the plateau has been constructed between the
northern Qilian suture zone and the northern margin of the Indian continent
without sequential propagation from south to north.

3. The Paleozoic and Mesozoic tectonic histories in the Himalayan-Tibetan oro-
gen have exerted a strong control over the Cenozoic strain history and strain
distribution in the region. First, the Cenozoic thrust belts are commonly devel-
oped along or near major suture zones. Second, the presence of extensive
Triassic flysch complex as in the Songpan-Ganzi-Hoh Xil and the Qiangtang
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can be spatially correlated with Cenozoic volcanism and thrusting in central
Tibet. Third, the distribution of basement-involved thrust faults in the Nan
Shan and western Kunlun Shan closely follows earlier tectonic belts produced
by Paleozoic to early Mesozoic arc-continent collisional tectonics. Finally, the
extensive Middle Cretaceous crustal shortening in the Lhasa terrane may
explain why this terrane has behaved more or less as a rigid block during the
Cenozoic Indo-Asian collision.

4. The Early Cenozoic tectonic history of the Himalayan-Tibetan orogen has
guided the Late Cenozoic strain distribution and petrogenesis in the Himalayan
region. The onset of thrusting along the Main Himalayan Thrust may have
been delayed until the Late Cenozoic by the accommodation of convergence
elsewhere in the orogen. Thickening of the Greater Himalaya during the
Eocene-Oligocene appears to have produced a stratified metamorphic
sequence with depth. Late Cenozoic slip on the shallow dipping Main Hima-
layan Thrust has produced the unique spatial and temporal variations of Him-
alayan granite emplacement.

5. The main strike-slip faults in the western part of the Himalaya orogen are
transfer faults linking either major thrust belts (the Altyn Tagh system) or
extensional systems (the Karakorum fault). The Altyn Tagh fault consists of
at least two main strands. The northern strand was mainly developed prior to
the early Oligocene, although segments of the fault remain active. It has at
least 60–80 km of left slip, and offset could have as much as 120 km. The
southern strand is currently active. It has about 550 km left-slip offset in its
western segment and about 280 km offset in its eastern segment. The differ-
ential slip has been absorbed by the Qimen Tagh-North Kunlun thrust system,
along the southern edge of the Qaidam basin. Considering both strands
together, the total slip along the Altyn Tagh fault system in the Cenozoic
exceeds 600 km.

The Karakorum fault in western Tibet and the Pamir developed as a result
of northward indentation of Pamir into Asia. That indentation created the
Pamir arc, which induced clockwise rotation of the western Kunlun Shan on
its eastern limb and counterclockwise rotation on its western limb in western
Pamir. As the Pamir arc lengthens and expands, the right-slip Karakorum fault
extends farther both to the north and to the south. Its currently active strand
terminates at the Kongur Shan detachment fault system in the north and the
Purang-Gurla Mandhata extensional system in the south. Karakorum fault slip
is no more than 200 km, and only a few tens of kilometers at its southern end.
The Kunlun fault in central Tibet also serves as a transfer structure, transferring
eastward spreading of the Tibetan plateau into both east-west contraction along
the Longmen Shan fold and thrust belt and east-west extension in North China
to the east.

In the eastern part of the Himalayan-Tibetan orogen, strike-slip faulting
along the Ailao Shan and Gaoligong shear zones accommodated several hun-
dreds of southeastward extrusions of the Indochina block during the mid-
Tertiary. The relative importance of this extrusion compared to that of block
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rotation at both regional and local scales, and compared to the magnitude of
internal deformation within the extruding block, remains uncertain.

6. The initiation of the Indo-Asian collision, defined by the elimination of the
oceanic lithosphere, may have started as early as the late Cretaceous. This
implies that the magnitude of convergence between India and Asia may be
much greater than was previously thought.

7. Although some geophysical studies have inferred, based simply on geometric
arguments, that the Indian continental crust did not subduct beneath the Tibetan
lithosphere, the occurrence of syn-collisional calc-alkline type volcanism in
southern and central Tibet appears to require that some portion of the conti-
nental crusts from both north and south must have been subducted into the
mantle beneath Tibet.

8. At least five different mechanisms may have been responsible for the gener-
ation of syn-collisional igneous activity: (a) early crustal thickening followed
by slip along a shallow dipping decollement (Himalayan leucogranites), (b)
slab break-off during the early stage of the Indo-Asian collision (Linzizong
volcanic sequence in southern Tibet), (c) continental subduction in southern
and central Tibet, which generated calc-alkline magmatism, (d) formation of
releasing bends and pull-apart structures that serve both as a possible mech-
anism to generate decompressional melting and as conduits to tap melts (Pulu
basalts and other late Neogene-Quaternary volcanic flows along the Altyn
Tagh and the Kunlun faults), and (e) viscous dissipation in the upper mantle
and subduction of Tethyan flysch complexes to mantle depths may be the
fundamental cause for widespread and protracted partial melting in the Him-
alayan-Tibetan orogen in the Cenozoic.

9. The marked difference in seismic properties of the crust and the upper mantle
between southern and central Tibet is a result of both Mesozoic and Cenozoic
tectonics. The former, however, has played the decisive role. The presence of
extensive exposed melanges and flysch complexes in central Tibet localized
Tertiary contractional deformation, which in turn has led to the release of a
large quantity of free water into the upper mantle and the lower crust of central
Tibet, causing extensive partial melting.
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U, Zhong D, et al. 1990. The Ailao Shan/
Red River metamorphic belt: Tertiary left-
lateral shear between Indochina and South
China. Nature 343:431–37

Tapponnier P, Mercier JL, Armijo R, Han T,
Zhao TJ. 1981. Field evidence for active
normal faulting in Tibet. Nature 294:410–
14

Tapponnier P, Molnar PJ. 1976. Slip-line field
theory and large-scale continental tectonics.
Nature 264:319–24

Tapponnier P, Molnar PJ. 1977. Active faulting
and tectonics of China. J. Geophys. Res.
82:2905–30

Tapponnier P, Molnar P. 1979. Active faulting
and Cenozoic tectonics of Tien Shan, Mon-
golia, and Baikal regions. J. Geophys. Res.
84:3425–59

Tapponnier P, Peltzer G, Armijo R. 1986. On
the mechanics of the collision between
India and Asia. In Collision Tectonics, ed.
MP Coward, AC Ries. Geol. Soc. Lond.
Spec. Publ. 19:115–57

Tapponnier P, Peltzer G, Le Dain AY, Armijo
R, Cobbold P. 1982. Propagating extrusion
tectonics in Asia: new insights from simple
experiments with plasticine. Geology
10:611–16

Tonarini S, Villa I, Oberli F, Meier M, Spencer
DA, et al. 1993. Eocene age of eclogite
metamorphism in Pakistan Himalaya:
implications for India-Eurasia collision.
Terra Nova 5:13–20

Turner S, Arnaud N, Liu J, Rogers N, Haw-
kesworth CJ, et al. 1996. Post-collision,
shoeshonitic volcanism on the Tibetan pla-
teau: implications for convective thinning
of the lithosphere and the source of ocean
island basalts. J. Petrol. 37:45–71

Turner S, Hawkesworth CJ, Liu J, Rogers N,
Kelley S, van Calsteren P. 1993. Timing of
Tibetan uplift constrained by analysis of
volcanic rocks. Nature 364:50–53

Vance D, Harris N. 1999. The timing of pro-
grade metamorphism in the Zanskar Him-
alaya. Geology 27:395–98

van der Beek P. 1997. Flank uplift and topog-
raphy at the central Baikal Rift (SE Sibe-
ria): a test of kinematic models for
continental extension. Tectonics 16:122–36

Van der Woerd J, Ryerson FJ, Tapponnier P,
Gaudemer Y, Finkel R, et al. 1998. Holo-
cene left-slip rate determined by cosmo-
genic surface dating on the Xidatan
segment of the Kunlun fault (Qinghai,
China). Geology 26:695–98

Wang C, Hu C, Wu R. 1987. Discovery and
geologic significance of the Casang-Cabu
rift in northern Xizang. Bull. Chengdu Coll.
Geol. Sci. 14:33–46

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
00

.2
8:

21
1-

28
0.

 D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 I
ns

tit
ut

e 
G

eo
lo

gy
 &

 G
eo

ph
ys

ic
s 

on
 0

3/
16

/0
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



278 YIN n HARRISON

Wang E. 1997. Displacement and timing along
the northern strand of the Altyn Tagh fault
zone, northern Tibet. Earth Planet. Sci.
Lett. 150:55–64

Wang E, Burchfiel BC. 1997. Interpretation of
Cenozoic tectonics in the right-lateral
accommodation zone between the Ailao
Shan shear zone and the eastern Himalayan
syntaxis. Int. Geol. Rev. 39:191–219

Wang E, Burchfiel BC, Royden LH, Chen Z,
Chen J, et al. 1998. Late Cenozoic Xiang-
shuihe-Xiaojiang, Red River, and Dali fault
systems of southwestern Sichuan and cen-
tral Yunnan, China. Geol. Soc. Am. Spec.
Pap. 327:1–108

Wang N, Yang J, Xia Z, Me D, Li Y, Pan M.
1996. Cenozoic Sedimentation and Tectonic
Geomorphology of the Shanxi Graben. Bei-
jing: Chinese Science Publishing House.
400 pp.

Wang S, Li Z, Qiangba X. 1983. Unpublished
geologic map (1:1,000,000) and geologic
report of the Xigaze area, Xizang Bureau of
Geology and Mineral Resources, 568 pp.

Wang T. 1996. Characteristics of sedimentary
rocks and their environmental evolution. In
Geological Evolution of the Karakorum
and Kunlun Mountains, ed. P Yusheng, pp.
22–50. Beijing: Seismological Press

Willems H, Zhou Z, Zhang B, Grafe K-U.
1996. Stratigraphy of the Upper Cretaceous
and Lower Tertiary strata in the Tethyan
Himalayas of Tibet (Tingri area, China).
Geol. Rundsch. 85:723–54

Willett SD, Beaumont C. 1994. Subduction of
Asian lithospheric mantle beneath Tibet
inferred from models of continental colli-
sion. Nature 369:642–45

Wittlinger G, Tapponnier P, Poupinet G, Jiang
M, Shi D, et al. 1998. Tomographic evi-
dence for localized lithospheric shear along
the Altyn Tagh fault. Science 282:74–76

Worley B, Powell R, Wilson CJL. 1997. Cren-
ulation cleavage formation: evolving dif-
fusion, deformation and equilibration
mechanisms with increasing metamorphic
grade. J. Struct. Geol. 19:1121–35

Worley BA, Wilson CJL. 1996. Deformation
partitioning and foliation reactivation dur-
ing transpressional orogenesis, an example
from the Central Longmen Shan, China. J.
Struct. Geol. 18:395–411

Wu C, Nelson KD, Wortman G, Samson S, Yue
Y, et al. 1998. Yadong cross structure and
South Tibetan detachment in the east cen-
tral Himalaya (898–908E). Tectonics 17:28–
45

Xia L, Xia Z, Xu X. 1996. Origin of the Oce-
anic Island Arc System in the Northern Qil-
ian Shan. Beijing: Geological Publishing
House. 153 pp.

Xiao X, Chen G, Zhu Z. 1978. Geological and
tectonic significance of paleo-ophiolite
zone of the Qilian Mountains. Acta Geol.
Sin. 52:281–95

Xie G, Liu C, Zheng T. 1992. Geochemical
characteristics of Cenozoic volcanic rocks
along the rim of the Tibetan plateau—evi-
dence for ancient enriched mantle. In Meso-
zoic and Cenozoic Volcanic Rocks and
Their Geochemical Characteristics, ed. Liu
Rouxing, pp. 100–27. Beijing: Seismolog-
ical Press

Xinjiang BGMR (Xinjiang Bureau of Geology
and Mineral Resources). 1989. Regional
Geology of the Xinjiang Uygur Autonomous
Region. Beijing: Geological Publishing
House

Xizang BGMR (Xizang Bureau of Geology
and Mineral Resources). 1992. Regional
Geology of the Xizang Autonomous Region.
Beijing: Geological Publishing House

Xu R, Zhang Y, Xie Y, Vidal Ph, Arnaud N, et
al. 1996. Isotopic geochemistry of plutonic
rocks. In Geological Evolution of the Kara-
korum and Kunlun Mountains, ed. P
Yusheng, pp. 137–86. Beijing: Seismolog-
ical Press

Xu RH. 1990. Age and geochemistry of gran-
ites and metamorphic rocks in south-central
Xizang (Tibet). In Igneous and Metamor-
phic Rocks of the Tibetan Plateau, ed. Chi-
nese Academy of Geological Sciences, pp.
287–302. Beijing: Science Press
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